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ABSTRACT 
As the DOE standards for energy usage become increasingly more strict, and 
refrigerator manufacturers seek to further improve refrigerator efficiency, door openings 
will become a significant portion of the equation which to date has largely gone untapped. 
This study investigates the heat transfer coefficients present on the interior surfaces of the 
refrigerator during open door conditions. Flow visualization and air exchange studies were 
also performed, providing a complete picture of the convective heat gains occurring during 
door openings. 
Surface heat transfer coefficients were found to range from 0.551 W/m2 (0.175 
BTU/ft2-hr) on the floor of the refrigerator with three shelves in place, to 5.208 W/m2 
(1.651 BTU/fF-hr) on the upper-most front plates in the cabinet. The coefficients are 
directly affected by the airflow patterns in the refrigerator, which are a function of the 
number of shelves present. Simple temperature measurements were taken to evaluate how 
the air temperature within the cabinet responds before, during, and after the door is opened. 
The air temperature decay after the door is closed was found to be in nearly perfect 
agreement with an exponential decay curve having a time constant of approximately 50 
seconds. Further investigations involving different shelf configurations and new shelf 
designs (including some present shelf designs) were studied and recommendations 
provided on reducing the overall heat gain during door openings. 
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PREFACE 
Due to the variety of experiments performed in order to provide a complete evaluation 
of the heat transfer occurring during a refrigerator door opening, this thesis is composed of 
many chapters. In an effort to provide information in the most logical manner, the text is 
broken down by the type of experiments performed. In Chapter 3, the reader will find a 
description of the apparatus and data acquisition unit used in all of the experiments. Any 
additional apparatus required for a particular experiment is described in the chapter 
associated with that experiment. As well, all experimental procedures are found in the 
chapter corresponding with each experiment. There are three main experimental chapters; 
Chapter 4 covers flow visualization experiments to evaluate the airflow patterns during 
door openings, Chapter 5 covers the determination of heat transfer coefficients and how 
different shelf configurations affect these coefficients, and Chapter 6 tracks the ambient air 
temperature changes within the refrigerator cabinet as the door is opened and then 
subsequently closed. Chapter 7 evaluates specific situations involving objects on shelves, 
new shelf designs and other factors affecting flow pattern development. Chapter 8 is a 
general discussion pulling together all of the findings for each experiment, and combining 
this information to provide a complete explanation of heat transfer during door openings. 
Finally, Chapter 9 contains concluding remarks and recommendations in a bullet form, 
highlighting the experimental findings for easy reference. 
There are places within the thesis where it is stated that further information is available 
through the Air Conditioning and Refrigeration Center (ACRC) at the University of 
lllinois. The address and phone number for the ACRC are given below. When contacting 
the ACRC please provide them with the author's name and the information about this 
thesis, as well as the information desired (a total of five separate items are on file). ACRC, 
1206 W. Green St., Urbana, IL 61801. ph: (217) 333-3115. 
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1 . INTRODUCTION 
1.1 Motivation for the Investigation 
As energy efficiency requirements increase and demand side management programs 
begin to grow at electrical generation companies nationwide, all sources of electrical 
consumption will be required to improve in efficiency. Currently, refrigerators and 
freezers constitute approximately 20 percent of residential household consumption (Scuria-
Fontana, 1993), and about 7 percent of all electricity generated in the United States (Meier 
and Jansky, 1991). The combined electricity used by these units accounts for the 
equivalent of 25 large electrical power plants (Meier and Heinemeier, 1988). On this scale, 
the importance of efficiency improvements for household refrigerators and freezers become 
evident. 
Presently, the U.S. Department of Energy (DOE) does not require household 
refrigerators and freezers to be tested under open door conditions. However, noting that 
up to 20 percent of the energy used by a refrigerator is due to conduction and convection 
losses during door openings (Laleman 1992), it is possible that testing standards including 
open door conditions will soon be mandated. At a minimum, manufacturers will begin to 
turn to open door losses as another method of meeting increasingly strict federal energy use 
standards. Open door testing is avoided mainly due to inherent difficulty with repeatability 
of experimental results. Too often scientists and engineers require that the results from test 
to test be reproduced with extreme accuracy (less than one percent variance). Due to the 
chaotic nature of natural convection, it is difficult to obtain that type of accuracy. 
However, definite trends are consistently present, and can be used to evaluate the accuracy 
of testing procedures. 
The household refrigerator can be broken down into two definitive portions, the 
cooling system and the cabinet. The cooling system is composed of the compressor, 
capillary tube, evaporator, and condenser. Much of the refrigerator research performed 
today involves the cooling system due to the mandated change away from chlorinated 
halocarbons (CFCs) as coolants. The cabinet is composed of the body of the refrigerator, 
including the panels, insulation, gaskets, and the other assorted linings and hinges of the 
refrigerator. Most of the cabinet research has gone into improving the insulatory 
characteristics of the cabinet, focusing on a reduction of conduction losses through the 
walls of the refrigerator. Since approximately 60 percent of the cabinet load is attributed to 
conduction through the walls (Boughton 1992), improvement can still be made and further 
research may not only improve the refrigerator's efficiency, but may also reduce overall 
purchase cost as well. 
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The remaining 40 percent of the cabinet load is due mainly to the opening and closing 
of the refrigerator and freezer doors (10%), evaporator fans and other miscellaneous heat 
sources and leaks. To date, this portion of the refrigerator's usage has been largely ignored 
for two reasons, the DOE does not require open door testing, and the difficulty in 
reproducing open door test results. Regardless, reducing the heat gained during door 
openings can significantly reduce the overall consumption of the refrigerator. A 10 percent 
reduction in the heat gained during open door conditions will translate into a one percent 
reduction of the total refrigerator consumption. Since very little research has been 
performed on heat gained during open door conditions, a 10 percent reduction does not 
seem unrealistic. 
Heat gain during door openings can be broken down into two major categories, heat 
transfer on the interior surfaces of the refrigerator, and bulk air exchange. Both of these 
heat gains are greatly affected by the presence of shelves in the refrigerator. Refrigerator 
shelves have seen only a few changes over the many years that refrigerators have been in 
existence. Those changes include the use of glass shelves instead of grated shelves, and 
the ability of the user to change the spacing between shelves. Some refrigerators have 
multi-tiered levels, where the left and right-hand side of the cabinet can be spaced 
independently of one another. Despite these changes, there have been no definitive 
changes to the shelf itself which could affect the airflow patterns in the refrigerator cabinet 
during open door conditions. 
This study will focus on the two main types of heat gains that occur during refrigerator 
door openings, convective gains and air exchange. Also, due to the scarcity of research 
done during open door conditions, this research wi11lay a solid foundation for any further 
research aimed at improving the efficiency of a refrigerator by reducing the heat gained 
during door openings. 
1.2 Goals for the Project 
Based upon the previous arguments, the objectives of this investigation are: 
(1) to evaluate the heat transfer coefficients on the interior surfaces of the refrigerator 
cabinet for multiple shelf configurations. 
(2) to provide a ratio between heat gained via convection on the interior surfaces and the 
heat gained via bulk air transfer during open door conditions. 
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(3) to evaluate how the presence of objects on the refrigerator shelves affects airflow 
patterns present during open door conditions. 
(4) to evaluate the effectiveness of a variety of shelf designs. 
(5) to evaluate the effect of the fan being on during the door opening period, and to assess 
whether the fan should be turned off or on during door openings to reduce total heat 
gain. 
(6) to provide a qualitative assessment of the flow patterns that are present in the 
refrigerator cabinet during open door conditions. This assessment will be supported by 
visualization information and air temperature measurements made during experimental 
runs. 
(8) to provide a generalized qualitative understanding of the different methods of heat 
transfer that occur during open door conditions. 
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2. LITERATURE REVIEW 
2.1 Introduction 
To the author's knowledge, very little literature exists concerning interior convective 
heat transfer coefficients for a refrigerator cabinet during door openings. Many studies 
have been performed concerning the amount of energy used by a household refrigerator, 
and some studies have proposed a series of design changes focusing on cabinet heat loss 
and compressor efficiency. Turiel et al. provided a listing of new technologies which could 
be incorporated into new refrigerator models, reducing their overall electrical consumption 
by about 46 percent (Turiel and Heydari, 1988). These recommendations include using a 
5.3 EER compressor, increased insulation on panels, adaptive defrost, and a more efficient 
evaporator and condenser. Recently, a contest to build a super efficient refrigerator came to 
a close. The $30 million dollar prize was offered to any manufacturer who could build a 
refrigerator at least one-third more efficient than the 1993 government standards (Design 
News, 1993). Whirlpool walked away the winner with a design which was 29% more 
efficient than the 1993 energy standards required. All of the utilities which had formed the 
Super Efficient Refrigerator Program (SERP) will receive a pro-rata share of the new 
refrigerators based upon their monetary contributions (Electrical World, 1992). 
Incorporated in this design were many of the proposals set forth by Turiel and Heydari, 
including adaptive defrost, a CFC-free compressor, and added insulation to the doors. Of 
significant note is the one area of the refrigerator overlooked by the manufacturers - door 
opening effects. Studies such as Meier and Jansky (1993) show that for the typical 
refrigerator, the DOE labeling over-predicts the field usage by approximately 15 percent. 
However, Meier states that these values may be skewed for several reasons. The majority 
of the refrigerators tested were located in the Northwest, where the climate is cooler. As 
well, the study focused on new homes, where many of the refrigerators would be newer. 
It is important to remember that a refrigerator is not necessarily efficient because the DOE 
label over-predicts its field usage. 
2.2 Open Door Testing 
Two previous studies ,investigating the effects of door openings on refrigerator energy 
usage include Alissi et al. (1988) and Grimes et al. (1977). Both of these studies looked at 
the effect of door opening schedules on electrical usage under specific conditions. Grimes 
et al. used watt-hour meters in the main powerline to evaluate energy consumption. All 
open door testing was performed using an ambient temperature of 24.8 °C (76 OF), with 
ambient relative humidities of 43 and 63 percent. The electrical usage was studied for 24 
4 
hour periods, during the which refrigerator and freezer doors were both opened. The 
freezer compartment was approximately 75 percent full with boxes of chopped spinach, 
and the refrigerator was left empty. The freezer and refrigerator doors were opened 24 
times over a 24 hour period. The openings were performed in three one-hour groups of 8 
to simulate meal-time activities. The door was opened to approximately 90 degrees for a 
length of 10 seconds. A second test was performed in which only the refrigerator door 
was opened. A full set of tests was performed at both 43 and 63 percent relative humidity. 
The important results of this study were that: 
• no appreciable difference was found when only the refrigerator 
door was opened when compared with tests where both the 
refrigerator and freezer door were opened. 
• a simulated usage schedule of door openings increased energy 
usage (kW-hr) by 20 percent for the 24 hour test cycle for auto-
defrost refrigerators, and 18 percent for manual defrost 
refrigerators. This result was found at both 43 and 63 percent 
relative humidity. 
Similar results were shown by Alissi et al. (1988), finding that door openings increase 
the energy usage by up to 32 percent over similar tests with no door openings. All tests in 
Alissi's trial were performed on a 19.4 ft3 automatic defrost refrigerator-freezer. The tests 
were conducted in a psychrometric chamber with temperature and humidity control, and all 
food compartments empty. In contrast to other studies, a mechanical linkage was used to 
automatically open the door to a 90 degree position in approximately two seconds. The 
door openings were performed during a 16-hour period, followed by an eight-hour period 
of no door openings. The door opening schedule allowed 40 fresh-food and 16 freezer 
door openings during the 16-hour period. Both doors were opened for a duration of 15 
seconds, followed by 24 minute and 60 minute closed-door period for the fresh food and 
freezer sections respectively. The accumulated time for the door openings equaled 10 
minutes for the fresh food section and 4 minutes for the freezer section. An electronic 
humidity sensor was placed inside the refrigerator to determine the humidity ratio. Figure 
2.1 shows the results obtained by Alissi et al. The spikes in the graph correspond with 
door openings, and are significant, indicating that a majority of the air in the refrigerator 
was exchanged for ambient air during the door opening. Unfortunately, there is no 
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indication of placement of the humidity sensor within the cabinet, so additional information 
cannot be inferred. 
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Figure 2.1 - Graph of Humidity Ratio During Door 
Opening Period (Alissi et al., 1988) 
An important finding from both Grimes (1977) and Alissi (1988) is that both concur 
that freezer door openings have little affect on total electrical usage when compared with 
fresh-food door openings. In both studies, there were only small differences between the 
electrical usage when both doors were opened and when only the fresh-food door was 
opened. For this reason, further discussion will focus primarily on the refrigerator door 
openings. 
The door opening pattern used by Alissi (1988) was then modified to determine the 
effect of longer but less frequent door openings. The length of each door opening was 
doubled to 30 seconds, but the closed-door interval was doubled as well, resulting in no 
change to the cumulative amount of open-door time during the 16-hour period. The effect 
of this change was a reduction in the energy usage of the refrigerator. Alissi assumed that 
whether the door was opened for 15 or 30 seconds that one complete air exchange 
occurred. This is a very good assumption which will be discussed further in Chapter 6. 
Additional tests were performed, varying both the ambient humidity ratio and temperature, 
with the following conclusions (Alissi et al, 1988). 
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• The presence of door openings causes an increase in energy usage 
of up to 32% above similar closed-door conditions. 
• This percentage increase is greatest for lower values of T ambient 
and ffiambient. 
• A 15 of increase in T ambient results in an energy usage increase of 
up to 44% for door-opening tests. 
• For an open-door test at 70 of, an increase in the relative humidity 
from 22% to 91 % results in an increase in energy usage of 13%. 
The study performed by Alissi et al. (1988) is important, since it is the most 
comprehensive investigation of door-opening effects published to date. Furthermore, it 
supports the fact that door-openings playa very significant role in the energy usage patterns 
of household refrigerators. Since open door conditions have been overlooked in the past, 
improving door openings may be easiest, cheapest, and fastest way to make efficiency 
gains in household refrigerators. 
2.3 Natural Convection 
A similarity exists between natural convection from a vertical enclosure and the 
refrigerator cabinet. However, it must be noted that there is a fundamental difference in the 
initial convective currents both inside and directly in front of the cabinet when compared to 
natural convection studies for vertical enclosures. The difference is due to the effect the 
refrigerator door has on air currents as the door is opened. Other differences between 
vertical enclosure studies and this case include: presence of shelves with non-uniform 
spacing, the presence of a reveal between the front edge of the refrigerator shelves and 
front of the refrigerator cabinet (due to the thickness of the freezer and refrigerator doors), 
and the presence of anomalies on the interior surfaces of the refrigerator due to necessary 
refrigerator controls and accessories. 
Studies performed by Hess et al. (1984) and Chan et al. (1986) both investigated 
natural convection losses from cavities with horizontal facing vertical openings. These 
studies used a hot wall on the surface directly opposite the cavity opening, with all other 
walls being insulated. Both studies were two-dimensional, but provide a good 
understanding of laminar flow. The measurements in this paper become turbulent early in 
the flow pattern. However, the results of Hess and Chan show airflow patterns similar to 
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those seen in the upper compartment of the refrigerator. The ambient air is pulled in at the 
bottom of the cavity, up the rear wall (hot wall), exiting across the top surface of the cavity. 
Chan et al. also studied the air velocities present in front of the cavity opening, showing 
that air near the opening (5 cm in this study) remains unaffected by the airflow in the 
cavity. Both the Chan and Hess studies are limited to a single cavity, and cannot be 
extrapolated to encompass multiple repeating cavities such as those present in household 
refrigerators. 
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3. EXPERIMENTAL APPARATUS AND SETUP 
3.1 Determination of Experimental Technique 
This experiment is broken down into three categories of data gathering: now 
visualization, convective heat transfer on the interior surfaces, and bulk air transfer during 
door openings. Each of the data gathering methods and their corresponding apparatus will 
be discussed in the following chapters. A description of the general apparatus used 
experiments is provided here. Any additional apparatus specific to one of the experiments 
will be described in the chapter associated with that experiment Figure 3.1 shows a 
photograph of the apparatus with no shelves in place. Figure 3.2 provides a schematic of 
the refrigerator and the dimensions of the experimental apparatus. Figure 3.3 shows a 
picture of the edge of the calorimetered shelf, illustrating the manner in which the dowel 
rods support the calorimetered shelf. The experiments were performed a 20 cubic foot 
refrigerator-freezer with top mounted freezer section, and both doors hinged on the right-
hand side. The cooling system consists of a single evaporator with a blower fan to 
circulate air into the fresh food cabinet. Also present are a series of controls for adjusting 
temperature settings of the refrigerator, and controlling the quantity of airflow between 
the freezer and fresh food compartments. 
Figure 3.1 w Picture of cabinet with door open, no shelves 
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4 
27 
AirFlow 
All areas not covered by the 
calorimetered apparatus are 
Mylar covered to reduce 
Crispers replaced by 
6 inch Styrofoam block 
and entire section covered 
with Mylar to prevent air 
~~~~~~~~1-ex~arl~ 
Figure 3.2 - Schematic of refrigerator cabinet with apparatus 
Figure 3.3 • Picture of calorimetered shelf, showing supports 
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3.2 Data Acquisition Unit 
The data acquisition hardware consists of a Gateway 2000 486DX2-66V IBM 
compatible computer matched with a Keithly 500A data acquisition chassis. Figure 3.4 
shows a picture of the setup described. The 500A unit provides a flexible and expandable 
system by providing a variety of digital and analog input and output modules. Seven of the 
500A's ten available expansion slots were used during this experiment: an Analog Master 
Measurement Module (AMM2), an Analog Input Module (AlM3A). and five Thermocouple 
Analog Input Modules (AIM7). The AMM2's function is to provide analog to digital 
conversion of the incoming data. The five AIM7 modules offer a total of 80 thermocouple 
inputs. Each board provides 16 thermocouple inputs, and maintains its own reference 
temperature. A junction box was designed to provide easier access to the thermocouple 
inputs than hard-wiring each thermocouple lead to the input board. The junction box 
allows the user to insert a total of 8 plugs, allowing multiple experiments to be run on the 
same data acquisition unit by exchanging the plugged in inputs. 
Figure 3.4 • Picture of data acquisition unit 
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The operating system and data acquisition software were updated early in the 
experiment to allow for larger data inputs. The update provided the ability to input 
additional channels, and to sample those channels at a faster rate than previous software. 
The software was upgraded to Labtech NotebookIXE version 7.0, running in a Microsoft 
Windows 3.1 environment. 
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4. FLOW VISUALIZATION EXPERIMENT 
4.1 Flow Visualization Apparatus 
A flow visualization process was set up to better analyze the flow patterns occurring 
within the refrigerator during a door opening. An initial difficulty with the flow 
visualization was finding an appropriate method for creating a flow that could be effectively 
videotaped. Due to the large volume under investigation, and the transient nature of the 
problem, typical flow visualization techniques were neither available nor reasonable. Both 
dry ice and smoke were tested for feasibility. Dry ice was inadequate due to the fact that 
it's visual characteristics were dependent upon the formation of water droplets in the air. 
The integrity of the flow could not be maintained due to the large distance needed to be 
traversed between the top and bottom portions of the refrigerator. For this reason, smoke 
was used for the flow visualization studies. The apparatus used for the flow visualization 
is shown in Figures 4.1 and 4.2. 
I 
I 
Figure 4.1 
Smoke 
Reservoir -----1--...... 
Reservoir 
1'--_-- Access 
Opening 
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Figure 4.2 
The setup consists of a three cubic meter box placed on top of the refrigerator. The side 
of the box facing the front of the refrigerator has a tube extending from the box to just 
above the refrigerator fresh food door and is fitted with a diffuser to spread the incoming 
smoke across the entire width of the refrigerator cabinet. A light source was placed 
approximately seven feet directly in front of the fresh food door. The light source is 
composed of two slide projectors, each containing a black slide with a small slit in the 
center, allowing a vertical plane of light to be projected into the refrigerator cabinet. Due to 
the reflective nature of the polished aluminum plates in the refrigerator, a sheet of black 
construction paper is placed on the interior surfaces to enhance the visualization 
experiment. An RCA 8 mm video camera on low light setting (1 lux capability) is placed to 
the left of the refrigerator, facing perpendicular to the front of the refrigerator. This setup 
allows the visualization of the flow occurring on the front 7 to 10 inches of the refrigerator 
shelves, and approximately 18 inches in front of the refrigerator cabinet opening. 
4.2 Flow Visualization Procedure 
Prior to the experiment a smoke bomb is discharged into the large box above the 
refrigerator, and the plenum leading to the refrigerator cabinet is closed. When the smoke 
bomb has completely discharged, the video recorder is turned on, and the air plenum and 
refrigerator door are opened. The test run is maintained for the duration the smoke is 
visible, approximately two minutes. When investigating the airflow patterns in the air 
space between the refrigerator cabinet and the door, the experimental procedure is slightly 
modified. The air plenum and refrigerator door are opened a small amount, and smoke is 
allowed to enter the refrigerator cabinet. When an adequate amount of smoke is present in 
the refrigerator, the door is closed, and the experimental procedure is followed as normal. 
This provides ample smoke to fill the airspace between the refrigerator door and the front 
face of the cabinet, allowing a clear view of the airflow patterns present. Additionally, the 
date and time of the run are recorded, as well as any other miscellaneous data that may 
affect the repeatability of the generalized experiment. 
4.3 Flow Visualization Results 
The experiment was performed for the 8 different shelf configurations available using 
three shelves. These runs are broken down into four distinct types, no shelf, one shelf, 
two shelves, and three shelves, each showing slightly different airflow patterns. 
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4.3.1 No Shelf Results 
The no shelf runs show that the air is being pulled in at the top-front of the refrigerator 
cabinet. As the air cools, it falls down the rear wall and washes across the cabinet floor. 
Leaving the cabinet at the bottom-front. Figure 4.3 shows the airflow pattern for the no 
shelf configuration. 
Side View of Fresh Food Compartment - No Shelf 
ambient air enters at top of 
compartment 
Figure 4.3 - Flow in No Shelf Configuration 
4.3.2 One Shelf Results 
The one shelf configuration shows that the airflow in the top compartment is similar to 
that seen in the no shelf configuration. During the first 6 seconds, the door opening affects 
the flow occurring in the refrigerator. The flow is stagnant during the first two seconds, 
with small swirls in no preferred direction. From 4 to 6 seconds the air pulled out of the 
refrigerator when the door was opened is pulled back into the refrigerator as shown in 
figure 4.4. Around 7 to 8 seconds a definitive flow begins to form, and continues in one 
of two modes shown in figures 4.5a and 4.5b. Switching occurs between these two types 
of flow with 4.5a being the primary flow pattern. Since each door opening is different than 
prior door openings, only an estimated percentage of the time spent in each flow pattern can 
be provided. However, the trends discussed are consistent in all door openings. 
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Side View of Fresh Food Compartment - One Shelf 
/ 
Ambient air 
replaces the cool 
air pulled from the 
cabinet as the door 
is opened 
Figure 4.4 - Early Flow in One Shelf Configuration 
4.3.3 Multiple Shelf Results 
Since every run is different, the approach will be to define the general patterns which 
occur during all door openings where a multiple shelf configuration is used. A three shelf 
configuration will be used for all explanations. For configurations with a lesser number of 
shelves, eliminate a shelf from the middle and follow the same progression of flow 
patterns. 
Side View of Fresh Food Compartment - One Shelf 
Ambient air enters at top 
of compartment 
~ 
-".........",....,... ........... ~ .......... ,.....,......,,-.ir-~ 
(a) 
(Darker lines indicate stronger 
flows) 
Side View of Fresh Food Compartment - One Shelf 
(b) 
Ambient air enters at top 
of compartment 
(Darker lines indicate stronger 
flows) 
Figure 4.5 - Mature Flow Patterns in One Shelf Configuration 
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During the flrst two seconds of any door opening, the air in the space between the door 
and the cabinet swirls in no preferred direction, recovering from the large air movement 
caused by the opening of the door. From 2 seconds to around 8 seconds, the air that was 
pulled from the cabinet is replaced, resulting in conditions similar to that seen in flgure 4.4 
but with additional shelves. Around 8 seconds a deflnitive flow pattern begins to emerge, 
settling into one of four possible flow patterns. (From here, the explanation will trace one 
type of flow pattern progression. It should be stressed that this is only one of many 
possible progressions which are available.) Figure 4.6 shows the airflow dropping off the 
top shelf and completely bypassing all other compartments. This type of airflow is found 
to dominate multiple shelf conflgurations, occurring approximately 30 to 50 percent of the 
time the door is open. The flow then progresses through each shelf, generally working its 
way up the compartment levels as shown in figures 4.7 through 4.9. This flow order 
typically ends with figure 4.9 and then restarts with figure 4.6. At any time during this 
progression, it is possible (and occurs frequently) that the flow returns to that shown in 
Figure 4.6, or may switch to any other flow pattern available. The reason this switch is 
initiated is unknown. The reader will note the airflow patterns enter the compartment at the 
bottom, leaving no path for air to exit. The flow visualization focuses on the center of the 
shelf. Airflow exiting the compartment probably does so at the sides of the shelf during 
this period. Ambient air temperature readings (chapter 6) support this hypothesis, showing 
the air temperature to be higher in the center of the shelf than on the edges. 
Flow switching occurs for all shelf configurations. Trying to determine when and how 
the flow pattern will switch is difflcult, and cannot be evaluated from the data gathered in 
this experiment. The primary flow pattern in multiple shelf configurations consists of 
airflow coming off the top shelf, and bypassing all other compartments. This occurs 
between 30 and 50 percent of the time. For two and three shelf conflgurations, the middle 
compartments see very little flow, less than 20 percent of the time is spent with flow 
directly entering these compartments. It is important to note that even if a compartment is 
skipped, some flow tends to break from the main stream and enter each compartment. This 
small amount of residual flow causes each compartment to show a minimal level of 
convective heat transfer, with values similar to those for an enclosed box with one heated 
wall. 
4.4 Flow Visualization Information 
An unedited copy of the videotape from these experiments is available through the 
ACRC at the University of lllinois as a separate report. 
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Side View of Fresh Food Compartment - Three Shelves 
Ambient air enters at 
top of compartment 
(Darker lines indicate stronger flows) 
Figure 4.6 - Early Flow in Multiple Shelf Configuration 
Side View of Fresh Food Compartment - Three Shelves 
(Darker lines indicate stronger flows) 
Figure 4.7 - Mature Flow in Multiple Shelf Configuration 
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Side View of Fresh Food Compartment· Three Shelves 
Ambient air enters at 
top of compartment 
(Darker lines indicate stronger flows) 
Figure 4.8 . Mature Flow in Multiple Shelf Configuration 
Side View of Fresh Food Compartment· Three Shelves 
(Darker lines indicate stronger flows) 
Figure 4.9 . Mature Flow in Multiple Shelf Configuration 
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5. HEAT TRANSFER COEFFICIENT EXPERIMENT 
5.1 Convective Heat Transfer -- Introduction and Theory 
Obtaining an accurate representation of the convective heat transfer coefficients in a 
transient, uncontrolled environment is difficult. Radiation, conduction, and mass transfer 
must all be accounted for in the process. The transient technique used in this experiment 
was extensively employed by Clausing et al. (1987). The technique uses polished 
aluminum plates as calorimeters to determine the rate of heating on a given surface. 
Aluminum was chosen for its high conductivity and low emissivity. Due to the high 
conductivity of the plate, the lumped capacitance method can be used (Laleman 1992), 
allowing the problem to be addressed as an energy balance. Equation 5.1 shows the initial 
energy balance for the calorimeter. 
dTplate _ 
mplateCpp/ate dt - qconv + qmass + qrad + qcond [5.1] 
The left side of the equation represents the time rate of change of internal energy in the 
aluminum calorimeter. The right side of the equation represents the energy gains or losses 
due to convective heat transfer, mass transfer, radiation, and conduction, respectively. To 
evaluate the convective heat transfer coefficient, all other parameters in equation 5.1 must 
be known. Equations 5.2 through 5.9 step through the process of sorting out hconv 
Inserting formulations for the four heat gains and losses in equation 5.1 we obtain. 
[5.2] 
where, 
8C1( T:mb - T;late) 
hrad = ( ) Tamb - Tplate [5.2a] 
Two unknowns are present in equations 5.2 and 5.2a -- hconv and hmass . From the 
analogies between heat and mass transfer, we know that heat and mass transfer relations 
are interchangeable for a given geometry. This allows the following relation: 
Nu Prn 
-=- or 
Sh Sen 
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[5.2b] 
The most common value of n for the flat plate case is 113. Using this and rearranging to 
isolate hmass we have: 
h D%a~ h = conv AB 
mass k . Qlr 
[5.2c] 
Substituting equation 5.2c into equation 5.2: 
We are now able to combine the hconv terms and separate them from the remainder of the 
equation. 
h-1(Tomb - Tp/arel+( hfg~:aM )Comb - C_l] 
= mplateCpp/ate dT;;ate + hradA( T amb - Tplate) + ;wall A(Tsur - Tplate )[5.4] 
~all 
Solving for hconv we obtain the following relation: 
All variables in equation 5.5 are known and dT/dt is obtained from experimental data. 
5.2 Description of Apparatus 
As a follow-up to Laleman's (1992) open door convective work, it was desirable to use 
a similar apparatus to that used in previous experiments. The apparatus consists of a series 
of aluminum plates embedded in a styrofoam support framework, which is mounted on the 
interior surfaces of the fresh food cabinet. . There are 8 plates for each of the side and back 
walls, two plates on the floor and four plates on the shelf -- two each on the top and bottom 
sides of the shelf. Figure 5.1 shows the placement of the aluminum calorimeters in the 
fresh food compartment, a cross section of the cabinet wall, and the numbering scheme 
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used during the experiments l . All plates are made from polished 6061-T6 Aluminum and 
are .25 inches (.635 cm) thick. The plates on the right and left walls are each 5 inches 
(12.7 cm) by 8 inches (20.32 cm). The rear wall plates are 5 inches (12.7 cm) by 12 
inches (30.48 cm), and the floor and shelf plates are 8 inches (20.32 cm) by 25 inches 
(63.5 cm). Each plate on the walls and floor are backed by 0.75 inches (1.90 cm) of 
styrofoam, bringing the total thickness of the apparatus to one inch (2.54 cm). The shelf 
consists of four plates, two each on the top and bottom of the shelf. The plates are 
separated by 0.5 inches (1.27 cm) of styrofoam, again providing a total thickness of one 
inch (2.54 cm). A cross-section of the calorimetered shelf is shown in figure 5.2. 
Between each row of plates on the apparatus is a small groove approximately 0.25 inches 
(.635 cm) in width by 0.5 inches (1.27 cm) in depth. This modification was made to the 
original apparatus to allow insertion of three shelves. In Laleman (1992), the shelf was 
supported by 4 pieces of 1 inch (2.54 cm) diameter PVC piping. Due to multiple shelf 
configurations, it was felt that this method was inadequate, and the aforementioned 
modification was made to the apparatus. 
Plastic Liner 
Covered with 
Liner Heater 
Aluminum 
Figure 5.1 - Schematic of Aluminum Plate Setup in Fresh Food Cabinet 
1 The reader may note the presence of a heater in the cross-section of the calorimetered apparatus. This heater 
was used in a closed-door experiment and is considered to be of no significance in this experiment. 
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Figure 5.2 • Schematic of Calorimetered Shelf 
Figure 5.3 • Picture of Refrigerator Setup with Shelf in Middle Position 
The apparatus is affixed to the wall using a reflective tape similar to duct tape, but 
having a highly reflective surface. The tape is used to hold the plates into the supporting 
framework, as well as cover any areas where styrofoam is exposed. All other surfaces in 
the fresh food cabinet are covered with Mylar sheeting to reduce radiative heat transfer 
between the aluminum plates and the non-calorimetered surfaces of the refrigerator. The 
Mylar has an emissivity of 0.05 when smooth, and is affixed to the refrigerator surfaces 
using an spray-on adhesive. For purposes of calculation, a worst case emissivity of 0.1 
was used for all Mylar coated surfaces due to a wrinkling of the Mylar during application. 
Figure 5.3 shows a photograph of the interior surfaces of the fresh food cabinet with the 
calorimetered shelf in place. 
To measure the temperature change of each plate, a pair of thermocouples is placed in 
each side Wall, rear wall, and floor plates. Each plate is fitted with one 24 gauge and one 
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30 gauge T -type thermocouple. The initial apparatus had only one 24 gauge thermocouple, 
but the response time was felt to be inadequate. Thus, a 30 gauge thermocouple was added 
to provide faster response time, and allow averaging of the two thermocouples to reduce 
the effects of noise in the data. The thermocouples are affixed to the aluminum plate by 
drilling a hole in the rear of the plate at a 45 degree angle. The thermocouple is then placed 
in the hole using a thermally conductive epoxy. Only one thermocouple is present in the 
shelf plates due to initial limitations in the data acquisition unit. When the unit was 
upgraded, it was felt that the response of the one thermocouple was adequate, and did not 
require installation of an additional thermocouple. To measure the outside ambient, two 36 
gauge T -type thermocouple are placed approximately 2 feet to the left and right sides of the 
refrigerator cabinet. 
5.3 Convective Heat Transfer Procedure 
In general, the following information is taken for each experimental run: the 
temperature of the calorimetered plates, the date and time the data was taken, the relative 
humidity in the room during the experiment (taken using a sling psychrometer immediately 
prior to the data run), and any other miscellaneous data that may affect the repeatability of 
the generalized experiment. 
Between experiments the refrigerator is set to the maximum setting, and the airflow 
control is set to maintain the coldest possible fresh food compartment temperature. When 
the calorimetered plates in the refrigerator achieve a steady temperature with a maximum 
temperature difference between any two plates in the refrigerator being less than one degree 
Kelvin, the refrigerator is prepared for an experimental run. The shelves (cooled in the 
refrigerator cabinet) are placed in the proper locations. The refrigerator is shut off, and the 
airflow control is set to the minimum fresh food compartment temperature to prevent any 
natural convection from the evaporator. The refrigerator is then closed and again allowed 
to come to a steady temperature. The data acquisition unit is then started, and the 
refrigerator door is opened to begin the test run. The test run lasts for 180 seconds. It is 
important to note that since each plate is a calorimeter separate from the others, it would not 
affect the data if all the plates do not begin at the same temperature since each plate'S 
temperature potential is calculated independently;' We are only interested in each plate'S 
temperature change with time, which is fairly steady throughout the data run, and 
reasonably independent of the initial plate temperature. When the data run is completed, the 
refrigerator is turned on and set again to maintain the coldest possible fresh food 
compartment temperature for the maximum driving potential. 
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The one exception to this procedure is data runs completed with the refrigerator fan on. 
The refrigerator fan is wired to allow the fan to be turned on independent of the 
refrigerator's normal cycle. This allows the fan to be turned on during a test run to evaluate 
its effect on overall heat transfer. 
5.4 Convective Heat Transfer Data Reduction 
Reduction of the data obtained for the convective heat transfer experiment is performed 
by a program called Data Reducer, written in True Basic. The code is not provided in this 
thesis due to its length, but is available through the ACRC at the University of lllinois. An 
explanation of each of the major steps of the program is provided in the following 
paragraphs. One feature of this program is that all parameters are calculated on a plate level 
except where noted. This eliminates any generalized averages that may destroy the integrity 
of the results, or cause a specific anomaly to be ignored since it is less pronounced due to 
averaging. Most of the major steps will fall under their own subroutine, which is how the 
following paragraphs will be separated. 
The raw data is transferred from the Gateway 2000 to a Macintosh using Apple File 
Exchange®. The file is then opened in Excel® and saved in a comma separated format. 
The file is then opened in True Basic®, skimmed for any extraneous characters, and saved. 
The Data Reducer program is then initiated. The DATAIN subroutine reads the raw data 
file into a matrix for use in the remaining subroutines. Next, the REDUCER subroutine 
checks for any bad temperature readings or spikes in the data. These are replaced with the 
temperature from the other thermocouple on that plate. The thermocouple temperatures are 
then averaged, and placed in a new temperature matrix. The following information is also 
calculated in the REDUCER subroutine: outside ambient average, interior ambient average 
(not used in calculations), overall refrigerator average temperature based on an area 
weighted averages of all plates present during the test run, temperature averages for each 
wall, the floor, and the top and bottom of the shelf. For radiation calculation purposes, the 
temperature average of each ring of plates in the refrigerator is determined. One ring 
consists of six plates, two in each row of the right, left, and rear walls. The air properties 
used to evaluate the Rayleigh and Nusselt numbers are calculated based upon the outside air 
temperature measured during the experiment, and the relative humidity. The rate of 
temperature change versus time (dT/dt) is determined using a least squares subroutine with 
a time period of 180 seconds -- the entire run length. (A normal refrigerator door opening 
is somewhere between 15 and 35 seconds.) The entire run length is used to minimize the 
effects of any noise in the data. It was found that the difference between the slope for 30 
seconds and 180 seconds was statistically negligible. The R2 value for a typical data run 
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ranged between .80 and .99. The fIrst term of equation 5.5 is then calculated based upon 
the data obtained during the experimental run. The radiation and conduction terms in 
equation 5.5 are subsequently calculated and subtracted from the initial convective term. 
The radiation terms are calculated using the radiative exchange between the six surfaces of 
each compartment created by shelf placement. The conduction terms are calculated by 
taking the temperature potential between the plate temperature and the outside skin 
temperature - assumed to be equal to the outside ambient temperature. Finally, the Nusselt 
and Rayleigh numbers are determined. The Nusselt and Rayleigh numbers are calculated 
two ways; the fIrst calculation is on a plate by plate basis, providing a Nusselt and Rayleigh 
number for each plate in the refrigerator using the vertical length of the plate as the 
characteristic length, and by an area weighted average of the heat transfer coeffIcients for 
the entire refrigerator. The latter provides the values used for experimental correlations in 
this thesis. 
Typical Plate Temperatures vs. Time 
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Figure 5.4 . Plot of Plate Temperatures vs. Time 
5.5 Typical Experimental Data 
All data taken for this experiment is in the form of temperature data sampled every 
second. The temperature data is then reduced to obtain the desired output. Figure 5.4 
shows typical plate temperatures during an experimental run. 
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It can clearly be seen that throughout the experimental run the temperature is steadily 
increasing. Of note is the noise shown by the shelf temperature. Only one thermocouple is 
present in each of the shelf plates due to previous data acquisition limitations. This shows 
the benefits of smoothing the data by using multiple thermocouples in each plate and 
averaging the readings. The plot indicates that the rate of temperature increase remains 
stable during a run, validating the use of the slope for the entire run to calculate the heat 
transfer coefficient. 
Ambient Temperatures vs. Time 
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Figure 5.5 - Plot of Ambient Temperatures vs. Time 
Figure 5.5 shows typical ambient temperatures during an experimental run. The inside 
ambient temperature measurements are taken by hanging two 36 gage thermocouples from 
the ceiling of the refrigerator cabinet. The thermocouples are placed approximately six 
inches from the top of the cabinet, and about one inch from the surface of the top shelf 
(when present). These measurements are crude but provide a useful understanding of the 
air changes taking place in the refrigerator during door openings. The outside ambient is 
steady as expected. The inside ambient shows an increase in air temperature as the 
refrigerator door is opened. Cabinet temperature follows an exponential decay curve, 
eventually settling at a temperature a few degrees less than the outside ambient. A more 
accurate and extensive evaluation of the bulk air exchange during door openings can be 
found in Chapter 6 of this thesis. 
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5.6 Heat Transfer Coefficients 
Figure 5.6 shows an example of the reduced data from a typical run. Each square in 
the figure represents a plate. On each plate is listed the plate number, heat transfer 
coefficient (W/m2), Nusselt number, Rayleigh number, and the average temperature on the 
plate during the experimental run (OK). The shaded area between rows of plates represents 
a shelf, and can be one of three kinds. The darkest shading represents the calorimetered 
shelf used in the experiment. The lighter shading represents a quarter-inch styrofoam shelf 
with aluminum sheeting on one side, and the cross-hatching represents a 3/16 inch standard 
glass shelf. A complete collection of all reduced data runs is present in Appendix A, which 
is broken down into the eight possible shelf configurations for the experimental setup. The 
reader should consult these data runs for a complete understanding of the results to be 
discussed in the following section. 
Figure 5.6 shows the basic setup of the calorimetered plates: eight plates on each wall, 
two on the floor, and four on the shelf. Figures 5.1 through 5.3 should clarify any 
confusion on plate setup and shelf placement. At the bottom of figure 5.6, the overall 
Nusselt and Rayleigh numbers are provided, as well as the ambient relative humidity 
present in the room prior to the experimental run. The overall Nusselt and Rayleigh 
numbers use an area weighted average to calculate the heat transfer coefficient and water 
concentration used, respectively. The length used for these calculations was the height 
from the floor of the apparatus to the top of the upper plate of the apparatus. The Nusselt 
and Rayleigh numbers present on each plate were calculated using the information from 
each plate. The critical length of the plate is the vertical height, or (for the shelf and the 
floor) the plate depth in the direction of the airflow. Note that for multiple shelf runs, the 
overall Nusselt and Rayleigh numbers are based on only the calorimetered shelf and the 
wall plates. Nusselt and Rayleigh numbers including all shelves are provided in section 
5.8. For exact formulas, the code used for reducing the experimental data is available 
through the ACRC at the University of Illinois. For all experimental runs, the refrigerator 
door was opened to the maximum position to eliminate any door affects. During normal 
usage the door would not likely be opened this far. Section 7.5 presents the results from 
experimental runs with only partial door openings. 
5.7 Results 
The following paragraphs will explain the trends found in this study. The reader is 
referred to Appendix A, which is broken down into eight sections, each representing one 
possible shelf configuration. The data runs will be similar in appearance to figure 5.6, 
showing the results for each plate, and the combined Nusselt and Rayleigh numbers at the 
bottom of the page. 
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Summary of Data File = C9RUNOO 
Shelf Configuration = 9 
Date File Created = 3-03-1994 
Time File Created = 15:34:51.12 
Date File Reduced = 19940520 
Time File Reduced = 09:55:28 
Each of the following boxes contains five items the order shown 
Plate Number 
Plate Heat Transfer Coefficient 
Nusselt Number for Plate 
Rayleigh Number for Plate 
Average Temperature on plate 
LftWIl B kWIl R"hWIl e a ac a Igi t a 
1 
4.42 
44.791 
3.93E+07 
273.48 
;;s 
4.22 
47.974 
5.28E+07 
274.49 
5 
2.991 
33.999 
5.29E+07 
274.42 
7 
2.76 
14.325 
5.03E+06 
274.45 
2 
3.886 
39.381 
4.07E+07 
272.76 
4 
2.155 
24.496 
5.37E+07 
274.16 
6 
2.177 
24.753 
5.48E+07 
273.73 
8 
1.984 
10.298 
5.28E+06 
273.47 
Bottom of Shelf 
3.85 
98.749 
2.88E+08 
270.39 
7 
5.257 
98.749 
2.93E+08 
270.02 
17 
3.582 
36.297 
4.11 E+07 
272.54 
19 
2.862 
32.533 
5.68E+07 
273.02 
<:!1 
2.322 
26.394 
5.71 E+07 
272.92 
" 
, ... 
2;;s 
1.823 
9.46 
5.27E+06 
273.52 
Floor 
1.055 
19.814 
2.62E+08 
272.51 
5 
1.386 
26.03 
2.53E+08 
273.23 
7 . 
7.89E+08 
0.33 
18 
3.033 
30.728 
4.06E+07 
272.83 
20 
2.382 
27.078 
5.52E+07 
273.6 
2<:! 
1.772 
20.148 
5.44E+07 
273.89 
. ~ " 
24 
1.394 
7.233 
5.13E+06 
274.06 
To of Shelf 
2.673 
50.21 
2.65E+08 
272.26 
9 
1.799 
33.789 
2.70E+08 
271.85 
9 
3.437 
34.823 
4.00E+07 
273.13 
11 
2.118 
24.073 
5.42E+07 
273.95 
13 
1.879 
21.365 
5.49E+07 
273.71 
« 
15 
1.584 
8.222 
5.11 E+06 
274.16 
Figure 5.6 - Reduced Data Run From Excel 
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10 
4.04 
40.94 
3.63E+07 
275.04 
12 
3.455 
39.283 
5.16E+07 
274.92 
14 
3.339 
37.959 
5.23E+07 
274.66 
16 
2.068 
10.734 
4.96E+06 
274.72 
5.7.1 Configuration 1 (No Shelves) 
Configuration 1 has no shelf present. The trends found in this configuration are as 
expected for natural convection flow over a vertical enclosure. The front plates in the top 
row, plates 1 and 10, show the highest heat transfer coefficients. As warm moist air is 
pulled in at the top of the cabinet, plates I and 10 are the first plates to come in contact with 
this air. The air is then pulled toward the rear of the cabinet. As the air becomes more 
dense, it begins to drop and washes down the walls of the cabinet. Figure 5.7 shows the 
typical airflow pattern found for this configuration. 
Side View of Fresh Food Compartment - No Shelf 
ambient air enters at top of 
compartment 
Figure 5.7 - Airflow Pattern for No Shelf Configuration 
The trend discussed is evidenced by the steady decrease in heat transfer coefficients as 
the air moves down the cabinet wall. The rear wall also shows this trend and it is believed 
that air pulled in the center of the front of the refrigerator travels down the back wall and 
out of the refrigerator by passing over the floor. This is substantiated by the much higher 
heat transfer coefficients present on the rear floor plate as compared to the front floor plate. 
The plates on the rear wall also show good uniformity between the two sides of the 
refrigerator, indicating that no door or entranceway effects were present in run CIRUNOO. 
In runs CIRUNOI through CIRUN03 the rear wall is less uniform. This is likely due to 
the increase in relative humidity, and the random nature of free convection. One can clearly 
see that for CIRUN02 the side walls exhibit the trends previously discussed, but the back 
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wall varies slightly from the typical downward trend. During this run it is possible that the 
airflow was disturbed in some manner. However, it is still clear that the flow passes down 
the rear wall and across the floor, exiting the cabinet at the bottom-front of the cabinet. The 
lower Rayleigh number in CIRUN03 can be contributed to higher plate temperatures 
during that run, causing a smaller water concentration difference between the plate surface 
and the ambient air and smaller buoyancy forces, resulting in a smaller Rayleigh number. 
5.7.2 Configuration 2 (One Shelf, Bottom Slot) 
The presence of a shelf in this run results in the formation of two compartments. The 
upper compartment acts similarly to the no shelf condition. The trend shows that the air is 
being pulled into the upper front of the compartment, cooled as it passes down the walls, 
and flows out of the compartment across the floor (the top of the shelf in this case). Some 
irregularities are present in this set of runs, but the basic trend is visible in all cases. 
Side View of Fresh Food Compartment - One Shelf 
(a) 
Ambient air enters at top 
of compartment 
(Darker lines indicate stronger 
flows) 
Side View of Fresh Food Compartment - One Shelf 
(b) 
Ambient air enters at top 
of compartment 
(Darker lines indicate stronger 
flows) 
Figure 5.8 - Airflow Pattern for One Shelf Configuration 
Figure 5.8 shows the airflow pattern expected for a one shelf run with the shelf inserted 
in the middle of the refrigerator. As before, the bottom of the shelf (top of lower 
compartment) shows that the warm air is being pulled in at the top of the compartment. 
Plates 7 and 16 indicate this as well, but show that the air entering the compartment is not 
as warm as that which entered the upper compartment. This demonstrates that the cool air 
leaving the upper compartment is entering the lower compartment, rather than warm 
ambient air directly entering the lower compartment. Another difference is that with the 
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shortened compartment height, the airflow does not fully reach the rear wall. The floor 
heat transfer coefficients show that the majority of the heat transfer is occurring on the front 
plate, and the airflow is not washing down the back wall and across the floor. The shelf 
significantly increases the interior cabinet surface area, but reduces the heat transfer 
coefficients on many of the plates. Thus, the overall Nusselt number shows a slight 
decrease. However, due to the increase in surface area, the total heat gained will be higher 
than for the no shelf condition. 
5.7.3 Configuration 3 (One Shelf, Middle Slot) 
This configuration shows similar trends to configuration 2, but is different due to a 
more even shelf spacing. As the shelf moves from the lower slot to the middle slot, the 
upper compartment height is reduced, and the lower compartment height is increased. The 
upper compartment shows the standard flow with air coming in at the top and leaving at the 
bottom. The top of the shelf shows that despite the reduced compartment height, the flow 
still reaches the back of the compartment, indicated by the higher heat transfer coefficient 
on plate 30 as compared to plate 29. 
Again the cooling capacity of the upper compartment and shelf is shown by the lower 
heat transfer coefficients on plates 5 and 14 when compared with plates 1 and 10. The 
airflow in the lower compartment is still not reaching the back wall as evidenced by the heat 
transfer coefficient on plate 25 being larger than on plate 26. This is likely due to the air 
flowing off the shelf, preventing the air from being pulled directly into the lower 
compartment. This flow effectively blocks some of the incoming air, providing a partial 
seal for the lower compartment. This trend becomes much stronger as the number of 
shelves increases, and may be useful as a method of decreasing the overall heat loss during 
door openings. Plate 27 shows a definite increase in heat transfer coefficients, when 
compared to its counterpart in configuration 2. This indicates that the cooling effect of the 
upper compartment decreases as the size of the upper compartment decreases. Also, this 
decrease in cooling by the upper compartment in conjunction with the airflow reaching 
further into the lower compartment causes the overall Nusselt number to increase in 
comparison to configuration 2. 
The initial plate temperature in run C3RUN02 was approximately eight degrees (K) 
higher than the first two runs. This increased temperature run was also performed for 
configurations 1,2, and 4. The purpose of making a run at a higher temperature was to 
demonstrate that the heat transfer coefficients were independent of starting temperature or 
temperature differential, and to verify that the code for reducing the data was not range 
dependent. 
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5.7.4 Configuration 4 (One Shelf, Top Slot) 
Only one row of plates is available in the top compartment in configuration 4. This 
prevents verification of the standard flow pattern for the upper compartment. The 
important question for this compartment is whether the flow is reaching the rear wall, or 
only passing partially into the compartment. Runs C4RUNOO and C4RUNOI indicate that 
the flow reaches the rear of the compartment, evidenced by the heat transfer coefficients 
present on the top of the shelf. For C4RUN02 the flow does not seem to reach the rear of 
the compartment (this is also true for the lower compartment). One explanation may be that 
in C4RUN02 there is not sufficient temperature difference to create a strong vertical flow, 
resulting in lower air current velocities and a weaker pull on the incoming air. This would 
also explain why the lower compartment, despite being larger in height, shows similar 
characteristics. 
The lower compartment shows the typical trend of air being pulled into the top of the 
compartment and leaving at the bottom, with one notable exception. It appears that in all 
three runs some recirculation occurs in row three (the middle row of plates in the lower 
compartment). This indicates that flow leaving the top compartment is preventing air from 
entering the lower compartment at the preferred location (the top-front of the compartment). 
As the air cools and is pulled downward, more warm moist air is being pulled into the 
compartment. This is demonstrated by the heat transfer coefficients on plates 5 and 14 
being consistently higher than on plates 3 and 12. The heat transfer coefficients on the 
floor indicate that airflow reaching the rear of the refrigerator may be significantly increased 
by this new ambient air being pulled in at the middle of the compartment. With this 
conflicting information for C4RUNOO and C4RUN01, the best assumption is that the air 
entering the lower compartment at the top fully reaches the rear wall, but much of the flow 
is affected by air entering at the middle of the compartment. 
5.7.5 Configuration 5 (Two Shelves, Bottom Slot and Middle Slot) 
This configuration (and all multi-shelf configurations) is broken down into parts. Each 
having the calorimetered shelf in a different location. Most runs are completed with a 
styrofoam dummy shelf in the other slots used, however, each configuration contains one 
run where a glass shelf was used in place of the styrofoam shelf to simulate a more realistic 
situation. The use of a glass shelf was initially shunned due to the capacity of the shelf 
affecting the air temperature, and thus the heat transfer coefficients. This effect did occur in 
these runs, but not to the extent initially thought. 
As with previous configurations, the upper compartment shows the standard trend, 
while the middle and lower compartments are more difficult to evaluate. As the number of 
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shelves increases, the clarity of the trends decreases. Also, since only one calorimetered 
shelf was available, the cooling capacity of the shelf and its location affect the results. For 
configuration Sa (calorimetered plate in lower slot) the heat transfer coefficients on the 
bottom of the shelf and the floor indicate the flow does not reach the rear of the lower 
compartment. This is demonstrated by the fact that plates 2S and 27 are consistently higher 
than plates 26 and 28, respectively. In CSRUN03, the glass shelf provides some cooling 
of the air before it reaches plates 21 and 22. The heat transfer coefficients in this run are 
distinctly lower than those in any of the styrofoam shelf runs, verifying the cooling effect 
of the glass shelf. Configuration Sb has the calorimetered shelf in the middle slot. Two 
important trends are demonstrated by this configuration. The bottom of the shelf shows a 
much smaller difference in heat transfer coefficients between plates 27 and 28, indicating 
that the flow is reaching the rear of the middle compartment. The heat transfer coefficients 
on the top of the shelf for configuration Sa are inconclusive in this respect. With a lack of 
definitive information, a solid trend is difficult to prove. The presence of switching airflow 
patterns as shown by the flow visualization experiment indicates that this compartment may 
be bypassed during the run, causing varied results which are dependent upon the amount of 
time spent in each flow pattern. The other important trend in configuration Sb is the 
increase in the overall Nusselt number for the four runs. Configuration Sa shows lower 
Nusselt numbers overall, due to the restricted airflow seen by the calorimetered shelf when 
in the bottom location. For these configurations, the stated overall Nusselt number does 
not include the dummy shelf. A calculation of the overall Nusselt number including the 
dummy shelf was performed for runs CSRUN03 and C7RUN03 by inserting the 
calorimetered shelf values for its counterpart into the equation, and determining the Nusselt 
number. The results for this calculation can be found in section S.4. 
5.7.6 Configuration 6 (Two Shelves, Bottom Slot and Top Slot) 
The top compartment in this configuration shows the airflow is being pulled completely 
to the rear, as evidenced by plate 30 showing a higher heat transfer coefficient than plate 29 
in all configuration 6b runs. Plate 27 in configuration 6b runs shows only minimal cooling 
is taking place in the upper compartment, and that a large amount of warm moist ambient 
air is being pulled into the middle compartment. Plates 3 and 12 also indicate that this is 
true, showing heat transfer coefficients close to or exceeding those on plates 1 and 10. The 
airflow in the middle compartment does not reach the rear in most cases, but may again be 
undergoing flow switching, which will affect the long term averages used to obtain heat 
transfer coefficients. For configuration 6a, the heat transfer coefficients on the top of the 
shelf indicate the majority of the heat transfer is occurring on the front plate, suggesting that 
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the flow is only partially reaching into the compartment. C6RUNOI is the exception. 
During this run, it is possible that some outside force influences the flow. This type of 
interference is difficult to evaluate in some cases due to the fragile and chaotic nature of low 
speed natural convection flows. 
The lower compartment again shows the flow is not reaching the rear. This is 
evidenced by the consistently higher heat transfer coefficient on plate 25 as compared to 
plate 26 in all runs. When the glass shelf is present in the bottom slot, some cooling is 
provided to the lower compartment. This cooling is not present when the glass shelf is in 
the upper slot. The slower velocity of the flow in the lower compartment allows more time 
for heat exchange to take place, causing this effect. For configuration 6a, the overall 
Nusselt number is much smaller than in configuration 6b runs. This is due to the fact that 
only the calorimetered shelf is included in the overall Nusselt number, and therefore the 
placement of this shelf affects the Nusselt value. As with the previous two shelf 
configurations, the two runs containing glass shelves include the counterpart's 
calorimetered shelf in the Nusselt number calculation to achieve a more realistic value. The 
results from these calculations are found in section 5.4. 
5.7.7 Configuration 7 (Two shelves, Middle Slot and Top Slot) 
The upper compartment in this configuration is similar to that in configuration 6. The 
airflow is pulled completely to the rear of the compartment, as evidenced by plates 29 and 
30 for configuration 7b. Some cooling is provided by the upper compartment for both the 
glass and calorimetered shelves, which is demonstrated by smaller heat transfer coefficients 
in the middle compartment. The middle compartment flow does not reach the rear wall, as 
indicated by plates 29 and 30 for configuration 7a. Plate 28 in configuration 7b also shows 
much lower heat transfer coefficients than in configuration 7 a, supporting the assertion that 
the flow is not being pulled completely to the rear of the compartment. Again, this may be 
an effect of flow pattern switching. The lower compartment shows trends typical to those 
caused by airflow being pulled in and down the back wall of the cavity. The floor heat 
transfer coefficients tend to indicate that the flow is reaching somewhere between two-
thirds and three-quarters of the way back into the cabinet, as shown by their consistency 
throughout the runs. An overall Nusselt number is found in section 5.4. 
5.7.8 Configuration 8 (Three Shelves) 
As with previous configurations with small top compartments, the airflow is pulled 
completely to the rear of the compartment. The airflow pattern in this compartment always 
reaches to the rear despite the reduction in compartment height, resulting in a significant 
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portion of the refrigerator's total heat gain during door openings. All further compartments 
receive air that is at least partially cooled and dehumidified by the previous compartments. 
Based on these results, it is sensible to minimize the height of the top compartment, thereby 
reducing the overall heat gain during a door opening. 
The upper-middle and lower-middle compartments show almost identical 
characteristics. Measurements in both compartments indicate flow into the compartments is 
minimal and does not reach the rear. This conclusion is supported by the heat transfer 
coefficients present on the top and bottom of the calorimetered shelves in all applicable 
runs. Also, results from the flow visualization testing indicate that the flow pattern will 
sometime skip over these compartments and re-enter the cabinet in the lower compartment. 
This bypassing of the center compartments does not occur continuously during an entire 
experimental run, but does occur early in the run, and repeats periodically as the buoyancy 
of the air affects flow patterns. 
Side View of Fresh Food Compartment - Three Shelves 
(Darker lines indicate stronger flows) 
Figure 5.9 - Early Flow in Multiple Shelf Configuration 
The lower compartment is similar to previous configurations containing a shelf in the 
bottom slot. The floor plates indicate that flow does not reach the rear of the compartment, 
except in C12RUNOl and C13RUNOl. The anomalies in these two test runs may have 
resulted from the flow pattern skipping the middle compartments and re-entering the bottom 
compartment. When this occurs, a strong pull is present, causing the flow to reach the 
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rear. Overall, little heat transfer is taking place in this small compartment at the bottom of 
the cabinet. Figures 5.9 through 5.12 show some of the different flow patterns occurring 
for each of these three shelf configurations. Note, the flow varies between these flow 
patterns within each door opening, but one or more patterns dominate any particular run. 
Side View of Fresh Food Compartment - Three Shelves 
Ambient air enters at 
top of compartment 
(Darker lines indicate stronger flows) 
Figure 5.10 - Mature Flow in Multiple Shelf Configuration 
s.s Nusselt and Rayleigh Number Correlations 
For each run, a Nusselt and Rayleigh number is obtained. A selection of these 
numbers is used to create figure 5.13. All no shelf and one shelf runs are plotted. For 
multiple shelf runs, only runs with glass shelves used as dummy shelves are used in the 
plot. These runs are selected due to the capacity provided by the glass shelf, which is 
similar to that found in a household setting. The calorimetered shelf information from 
complementary runs is used to evaluate the Nusselt and Rayleigh numbers. For example, 
three shelf configurations each have only one calorimetered shelf, placed alternately in each 
of the possible shelf locations. These three runs are then combined by using the 
calorimetered shelf data from the three runs in each individual run to obtain complete 
Nusselt and Rayleigh numbers. Figure 5.13 shows a plot of these results. Figure 5.14 
shows the average for each type of run. This plot is provided to show the trending which 
occurs as more shelves are added to the cabinet, providing a clearer picture of the effect of 
increasing the number of shelves. 
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Side View of Fresh Food Compartment - Three Shelves 
Ambient air enters at 
top of compartment 
(Darker lines indicate stronger flows) 
Figure 5.11 - Mature Flow in Multiple Shelf Configuration 
Side View of Fresh Food Compartment - Three Shelves 
Ambient air enters at 
top of compartment 
(Darker lines indicate stronger flows) 
Figure 5.12 - Mature Flow in Multiple Shelf Configuration 
38 
Nu vs Ra (all cases) 
95 4-,,-,.-~-,.-~~,-~_~I-..-,~1 
'. 
• 
III 
.. 
A 
Nu - No Shelves 
Nu .. One Shelf, bottom 
Nu . One Shelf, middle 
Nu ~ One ShelL top 
T Nu - Two Shelves, bot & mid 
: A [ . lJ Nu Two Shelves. bot & lOP 
90 ~ ................ '1" .......... · ........ ·1 .................... --:- .... · .............. r· ~ ~:; ~ ~~r~es~~~I::S mid & top 
85 - .......... · ..... ·· .. · .................. ., .................... T .................. + .................... T .................. + 
80 .................... t .................... i ..· .... ~ ............ r· ................ ·~r .................. -r ................. --
75 "" .................... j ...................... t ...................... [ .. ~; .............. ·h::l· ................ j .................... ~ 
:: +i~r·:~~x{:~c 
60 "" .................. ·l .................... ·i ........ · .............. i ...................... j ...... ~ ....... ~ ..... : ................... ::"" 
55 1-~~-L4-LJ-L~~I~-L~~-L~~-L-L~~-L~LJ~ 
6 108 6.5 108 7 108 7.5 Hr 
Rayleigh Number 
Figure 5.13 - Nu vs Ra for all cases 
Nu vs Ra data (reduced cases) 
90 -+=.-.-.,--,,-t.l.--,--,-,---,--j--.--,.---,,--,--+-1.---1 
. : 
85 - .................................. -f-.......... ................. i ......... A- ................. ~ ......... . 
• III 
.. 
A 
T 
o 
X 
o 
Nu - No Shelves 
Nu .. Ol1e Shelf, bottom 
Nil . One Shelf, middle 
Nu . One She!l, top 
Nu - Two Shelves, bot & mid 
Nu .. Two Shelves, bot & top 
Nli - Two Shelves, mid & top 
Nu .. Three Shelves 
----~------~----~ 
. . 
. . 
80 ........................ + ......................... + .......................... r-........................ ·f ........ · ...... · ........ -
.. i : : 
75 ~ .... · .. · ...... · .... ·· .... :--................ · ...... · .. + .......... · .... · ..· .... · ..·f .. · .... · .. · .... · ...... · ...... i:.[ .............. · .... · .... -~ 
10 
70 - .. · .... · .... ·· ........ · .. · .. t ...... · ........... · ................. t .......... · ...... .>.: .. · ........ (· ........... · ........ · .... · .... t .... ·· ........ · .......... · -
i i T i : 
: : : 65::1 1 --
60 - ......................... ,....... .. ........ I .. · ...... · .... · .... · .. · ...... r .. · ........ · ...... · .... · .... r .. · ....· ....· ....· ......·-~ 
(:) 
55 4-J-~L-~I~-L-L~~~L-LJ-+I~-L-LJ-+T-L-L~J-~ 
I 
6.5 108 7 lOS 7.5 108 8 108 8.5 108 9 lOS 
Rayleigh Number 
Figure 5.14 - Nu vs Ra for reduced cases 
39 
6. BULK AIR TRANSFER EXPERIMENT 
6.1 Bulk Air Transfer Apparatus 
To better understand the bulk air exchange that occurs during a typical door opening, 
the ambient air temperature within the fresh food cabinet is recorded. The setup uses 36 
gauge thermocouple wire mounted on a movable structure. The apparatus is made of five 
3/8" wooden dowel rods and a 22 gauge wire coated with adhesive spray used to mount 
each thermocouple. The apparatus consists of 3 rows running side to side in the 
refrigerator cabinet, with two rods running front to back for additional support. The dowel 
rod structure slides into the shelf groves in the calorimeter apparatus, and provides enough 
room for placement of a shelf in the same groove. One end of the 22 gauge wire is 
wrapped around the wooden rods and the other protrudes two inches perpendicular to the 
rod. An adhesive spray on the wire allows the thermocouple to be placed in contact with 
the wire and remain there with no further means of attachment. This also allows for 
convenient removal and re-adherence to longer wire supports or different locations. Figure 
6.1 and 6.2 show bottom and side views of the apparatus. 
Figure 6.1 - Picture of bottom view of bulk air transfer apparatus 
Figure 6.2 - Picture of side view of' bulk air transfer apparatus 
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6.2 Bulk Air Transfer Experimental Procedure 
All refrigerator settings are identical to those for the convective heat transfer data runs. 
One exception is that temperature differences between any two plates is disregarded in this 
experiment. Additionally, it was felt that using a temperature closer to that of normal 
refrigerator usage would provide more realistic data. The refrigerator is allowed to settle 
near 277 oK (39°F), a typical household fresh food compartment temperature. The 
experimental starting point is considered to be 30 seconds after a steady temperature is 
achieved by the thermocouples in the fresh food cabinet. The run is then started. At 
approximately 10 seconds, the refrigerator door is opened for 10, 20, or 30 seconds and 
then closed. These time lengths were felt to cover the range of normal household door 
openings, based upon finding by Alissi et al. (1988). The experimental data run is 
terminated after 250 seconds. This value was determined after some initial runs showed 
the time-constant for cooling to be approximately one minute. For experimental runs with 
the fan on, the refrigerator fan is manually turn on at the time of the door opening, and 
either left on or turned off at the door closing, depending on the specific data run. In 
general, the following information is taken for each run: the air temperature, the date and 
time of data acquisition, and any other miscellaneous data that may affect the repeatability 
of the generalized experiment. 
6.3 Bulk Air Transfer Results 
Efforts to reduce the number of data runs required resulted in the determination that 
only no shelf and three shelf conditions are required. These two configurations provide the 
majority of information pertinent to typical refrigerator usage. As well, similar information 
for one and two shelf configurations may be extrapolated from the data taken. The data 
runs described below correspond with the information presented in Appendix B. Any 
special items investigated are found in Chapter 7. 
All runs are reduced to five parameters; outside ambient, plate temperature, front row of 
thermocouples, middle row, and rear row. A plot of all thermocouple temperatures 
demonstrated that these five items provide the most meaningful and readable method of 
presenting the data. When all thermocouple temperatures are plotted, the center 
thermocouple measurements are higher than those close to side walls of the cabinet. This 
may be the result of two things. One possibility is that more warm air is pulled into the 
center of the refrigerator as opposed to the edges. The other possibility is that the 
aluminum wall plates cause a cooling effect, with both radiative and convective cooling 
taking place. Since evaluation of the exact cause is not possible within the parameters of 
this study, an average of all of the thermocouple readings in each row is used. However, if 
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further investigation yields this edge effect to be real, data from this experiment is available 
through the ACRC at the University of illinois for comparison. 
6.3.1 Configuration One - No Shelves 
For this configuration, temperature data is taken at four different levels within the 
cabinet, the very top, the top, level 2, and the bottom. The discussion begins with data 
from the very top and works downward through the cabinet levels. Data at each level is 
taken for door opening periods of 10 seconds, 20 seconds, and 30 seconds. 
The 10 second door opening for the very top level (C1, very top, 10 sec) shows little 
difference between the front and rear rows of the refrigerator during the door opening. As 
the door opening time increases, a much greater difference in peak temperature between the 
rows appears. Since these thermocouples are placed approximately one and a half inches 
from the ceiling of the refrigerator, these measurements distinctly show that the airflow in 
this upper compartment closely follows that in the top of the cabinet. Moving to the top 
level, the thermocouples are located about 6 inches from the ceiling of the refrigerator, 
where the majority of the air likely enters the cabinet (this is also the mid-line of the first 
row of aluminum plates). As door opening time increases, the spread between row 
temperatures increases. For C1, top, 30 sec a definitive exponential decay growth in 
temperature occurs while the door is open, followed by a sharp drop when the refrigerator 
door is closed. Figure 5.5 shows the increase leveling off and stabilizing. At 30 seconds, 
a constant temperature is attained, with a spread of 5 OK between the front and rear rows. 
At this level, even at 10 seconds, there are large differences between the front and rear 
rows, indicating that ambient air enters the compartment immediately upon door opening. 
Moving to level 2, results are similar to the top and very top levels, but with a reduced peak 
temperature. This decreased peak is due to the cooling of the incoming air as it passes 
through the upper compartment to reach level 2. This cooling trend continues towards the 
bottom of the cabinet. Note in runs at the bottom level that a spike occurs around 15 
seconds (about 5 seconds after the door is opened). This spike may be due to the door 
opening (which takes approximately two seconds). The spike is seen in measurements 
from all rows to some extent, and may be explained by the initial rush of warm air entering 
the cabinet. This explanation correlates well with results from the flow visualization, 
which indicates that quasi-steady flow forms 5 to 7 seconds after the door is opened. Other 
than the smaller peak temperatures, the temperature profiles in this experiment closely 
follow those previously found in the upper portion of the cabinet. 
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6.3.2 Configuration Eight - Three Shelves 
Three shelves are present in each of the runs in this section, bringing this data closer to 
what probably occurs in actual usage conditions, except that the shelves are empty. For the 
top level, we see similar patterns to those found in the previous configuration. As door 
opening time increases, a separation between measurements from the front and other rows 
occurs. Due to the small upper compartment height, peak temperatures reached are much 
lower than in the no shelf configuration. Airflow velocity is reduced due to the absence of 
a long vertical path upon which to gain speed. The reduction in air speed results in less 
warm ambient air being pulled into the compartment. When air is pulled into the 
compartment, it is not rapidly pulled to the rear as with the no shelf configuration. 
During the level 2 runs, a phenomenon discovered in the flow visualization becomes 
apparent. The flow field switches from one type of airflow pattern to another, as evidenced 
by the sawtooth nature of the temperature profiles. The flow pattern is in one mode for the 
two peaks, and the other for the valley. The longer door openings show these patterns last 
only a few seconds before switching, causing small jumps in the data during door opening. 
Of particular note are the large peaks at each end of the data run. The overshoot early in the 
data run can be attributed to the rush of warm air that enters the cabinet the instant the door 
is opened. This air quickly becomes fairly stagnant until the beginning of the quasi-steady 
flow period, which occurs around 5 to 7 seconds. The peak just prior to the door closing 
may be the effect of closing the door. Additional warm air may be pushed into the cabinet 
as the door is closed. 
For level 3 and the bottom, flow switching effects become even more prominent, 
indicating that the air falling off the front of the shelf gains downward velocity, sealing off 
lower compartments from the ambient air. The cause of the flow switch is difficult to 
determine, but it may be encouraged by the buoyancy of the air in the compartment. When 
the air becomes very dense, it pushes out of the bottom of the compartment, pulling warm 
air in at the top to replace the air lost. However, the termination initiator of this new flow 
pattern is unclear. Level 3 shows dramatically the large peaks and valleys associated with 
flow switching. The bottom level shows a slightly different sawtooth pattern, indicating 
the flow switching is different in this compartment. The new shelf designs tested in 
Chapter 7 use this flow switching to reduce overall heat transfer during a door opening, 
leading to the theory that if the flow from the top compartment can be directed downward, 
then the flow switching can be forced into a preferred flow, one beneficial to the heat 
transfer characteristics of the refrigerator. The figures in Chapter 4 show the flow patterns 
occurring during the door openings with flow switching. 
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6.3.3 General Results 
For all data runs, the ambient room temperature remains fairly constant during the test 
run. The plate temperatures (an average of three different plates in the cabinet) show a 
slow steady increase over the length of the run, with a slightly more rapid increase during 
and just after the door opening period, partially as result of the energy required to cool and 
dehumidify the air in the cabinet once the door is closed. A portion of this increase is 
attributable to conduction through the wall of the refrigerator. The remainder of the 
increase is accounted for by heating during the door opening period and the cooling and 
dehumidification of the air in the cabinet after the door closing. 
One important effect from these test runs is the evaluation of a time constant for the 
cooling of the air after a door opening. The temperature decays in an almost perfect 
exponential decay pattern, with all row temperatures quickly falling into a tight band. The 
time constants for each row are averaged, using an average of 9 different experimental runs 
for each row. Figure 6.3 shows the values of these time-constants. The higher time 
constants are a result of higher air temperatures during door closure. Similarly, the smaller 
time constants correspond to cooler air temperatures. The average time constant is 47.04 
seconds, but may decrease as additional shelves are added. However, it must be noted that 
these time-constants may be smaller than these experimental levels in actual household 
refrigerators due to increased radiative exchange between the walls and the air. The test 
refrigerator used polished aluminum plates and Mylar to reduce any radiative exchange. 
Run Time Constant (sec) 
C 1, top, 30 sec - Front Row 52.41 
C 1, top, 30 sec - Middle Row 54.01 
Cl, top, 30 sec - Rear Row 56.28 
C 1, bottom, 30 sec - Front Row 35.32 
Cl, bottom, 30 sec - Middle Row 41.47 
C 1, bottom, 30 sec - Rear Row 48.85 
C13, level 2, 30 sec - Front Row 38.87 
C13, level 2, 30 sec - Middle Row 48.09 
C13, level 2, 30 sec - Rear Row 48.10 
Average 47.04 
Figure 6.3 - Time Constants 
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Figure 7.2 - Picture of shelf object 
The experiment is run using two configurations. The first places the objects on the 
calorimetered shelf to test the effect objects have on the shelf on which they are sitting. The 
next test places the objects on a glass shelf, and the calorimetered shelf in the next slot 
down to determine how the objects affect the airflow coming off of the previous shelf. 
The results from placing the objects on the calorimetered shelf show little change in the 
airflow patterns within the refrigerator, with the exception of the top compartment shelf. 
The front of this shelf shows higher heat transfer coefficient than the rear of the shelf in 
runs COBJRO and COBJRl. The changes seen are largely due to the decrease in surface 
area available for heat transfer. It is important to understand, however, that any gains made 
by placing objects on the shelf may be negated by losses due to the objects themselves. 
The configuration with the objects on the glass shelf above the calorimetered shelf 
shows similar results to the same configuration with no objects on the shelves, indicating 
that no significant change occurs in the airflow patterns due to the objects placed on the 
glass shelf. This demonstrates that placing objects on the shelf does not significantly effect 
airflow patterns within the cabinet. However, the density, shape, and placement of objects 
on the shelves may contribute to small changes in flow patterns. 
7.2 Effect of Fan Operation During Doo:r Opening Pe:riods 
During normal testing, the refrigerator fan is turned off to improve experimental 
consistency. However, it is obvious that the door will eventually be opened while the fan 
is running. In fact, this situation may be beneficial during door openings and therefore 
desired. A set of test runs considered representative was performed with the fan on, 
allowing for evaluation of the effect of the fan running during a door opening. The fan can 
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7. ADDITIONAL EXPERIMENTAL INVESTIGATION 
This chapter contains investigations separate from any of the individual experiments. 
They include the effects of objects present on a shelf, the effects of the evaporator fan being 
on during a door opening, an analysis of present shelf designs, and others. The 
development and testing of shelf modifications is also covered, including a discussion of 
their applicability to future refrigerator designs. 
7.1 Presence of Objects on Refrigerator Shelves 
All previous experiments were performed with empty shelves. This section pertains to 
four experimental runs investigating the effects of placing objects on the refrigerator 
shelves. The objects used are designed to have large surface areas, so that a few objects can 
be can be placed on the shelf providing adequate representation of a fully loaded shelf 
without placing significant weight on the shelf. Figures 7.1 and 7.2 show photographs of 
a typical setup with objects on the shelves, and a close-up of one of the shelf objects. Each 
item consists of a styrofoam block with an aluminum honeycomb on top. The honeycomb 
is mounted to the styrofoam block using insulating foam from an aerosol dispenser. The 
honeycomb is then filled with water and cooled in the refrigerator. The styrofoam portions 
of the objects are covered in Mylar to reduce any radiative exchange with the refrigerator 
surfaces. A styrofoam block is used so the calorimetered shelf is not affected by the cooled 
objects. 
Figure 7.1 - Picture with objects on shelf 
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be turned on two different ways. First, the fan is wired to enable the user to activate it 
independently of the compressor. The other method is to allow the compressor to run and 
tum the fan on. The difference between these two methods is that in the latter, the 
evaporator cools the air being passed into the fresh-food compartment, whereas in the fIrst, 
the fan blows whatever air temperature it is receiving, namely the freezer temperature. 
The fan effect test was run using four different shelf configurations. Run C5F ANRO 
shows an improvement in the heat transfer coefficients on the top of the shelf. No other 
plates indicate any benefit from the fan operation, curiously we see an increase in the heat 
transfer coefficients on the bottom of the calorimetered shelf. This may be due to the 
increase in air velocity near the front edge of the shelf. C6F ANRO again shows no 
signifIcant improvement from running the fan during door openings. Some decrease in the 
heat transfer coeffIcients in the rear of the upper compartment may be seen, but they are 
small. The remainder of the runs support that some decrease in the heat transfer 
coeffIcients occurs on the rear plates in the uppermost compartment, a definite decrease 
occurs in the coefficients on the top of the shelf, and an increase also occurs in the heat 
transfer coeffIcients on the bottom the top shelf in the cabinet. 
Forcing the fan to run during a door opening needs to be further evaluated to determine 
if the energy used to run the fan exceeds any gains from heat transfer reduction, particularly 
since the gains achieved using this method are small. 
7.3 Testing of Present Shelf Designs 
During the experimental test period an understanding of the heat exchange and airflow 
patterns within the refrigerator cabinet was obtained. This information sparked interest in 
surveying current (1993 and 1994) refrigerator model shelf configurations, and 
determining if these configurations reduced or increased the heat added to the refrigerator 
during door openings. A survey of recent refrigerator models offered a variety of shelf 
confIgurations based upon the price and type of refrigerator (top mounted, or side by side). 
Figure 7.3 shows the shelf types found. Each of the drawings shows a top view of the 
shelf. The most common types were grated shelves (lower priced models), and glass 
shelves mounted by brackets on the rear wall. The glass shelf is interesting because of the 
air gaps present on all sides. Measuring these gaps on. a variety of models yielded an 
average gap of 0.65 inches (1.65 cm) on the sides, and a 1.58 inch (4.01 cm) gap between 
the back of the shelf and the rear wall. During a door opening, these gaps allow air to pass 
directly down the walls of the refrigerator cabinet, effectively increasing the characteristic 
length of the partitioned cabinet and increasing the wall heat transfer. 
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Four test runs were performed, two with gaps on the sides only, and two with gaps on 
both the sides and rear of the shelf. The side gaps were maintained at 0.5 inches and the 
rear gap was approximately 0.75 inches. The side gaps showed large heat transfer 
coefficients at the front edge of the side walls of the refrigerator. All plates near the door 
were close to, or exceeded, the heat transfer coefficients occurring with no shelves present, 
indicating that airflow is passing directly down the side walls since the shelves do not 
prevent this. 
(a) (b) 
(c) 
Figure 7.3 - Common Shelf Designs In On-The-Market Refrigerators 
When a gap is added to the rear, a rise is seen in the heat transfer coefficients for the 
plates on the rear wall. These gains cause the overall Nusselt number for these runs to be 
higher than for the no-shelf conditions -- with a rear gap only one-half as large as the 
industry average. The floor also shows significant increases in heat transfer, where the 
rear plate demonstrates a higher heat transfer coefficient than the front, indicating that flow 
is passing down the rear wall and across the floor. These gaps are used by manufacturers 
to improve closed door convection. However, the findings in this study indicate that 
further research should be performed to investigate the trade-off between closed door 
natural convection improvements and open door heat transfer. 
48 
7.4 New Shelf Designs 
New shelf designs based upon the findings of the experiment were tested to ascertain 
whether a significant reduction in heat gained during a door opening could be obtained by a 
simple modification to the shelf. Figure 7 A shows a set of new shelf designs that were 
tested for effectiveness. Figure 7 Aa and 7 Ab are similar in design, but provide 
manufacturing options which are different. In 7Aa a slot is placed near the front of the 
shelf. The slot is slanted to approximately 45 degrees in order to force the airflow down 
and outward from the front of the shelf, causing the next compartment below to be sealed 
off by the airflow from the previous compartment. Figure 7Ab uses the same concept but 
has holes drilled at 45 degrees to force the airflow. This method may be more 
manufacturable when taking into account the number of refrigerator models on the market 
with glass shelves. Figure 7 Ac is another method of blocking flow from entering the 
compartment. A soft rubber fin is placed near the front of the shelf on the bottom side. 
This forces the airflow further down, causing it to be more difficult for ambient air to 
directly enter the cabinet. The fin hangs down approximately one inch at the front of the 
shelf and meets the bottom surface of the shelf approximately 2 112 inches in from the 
leading edge. 
(a) (b) 
Rubber 
Fin 
---======'OiiI!,,/ 
(c) 
Figure 7.4 - Proposed Shelf Design 
A total of six test were performed to evaluate the effectiveness of these designs. A 
compromise was reached between designs 7Aa and 7Ab. A shelf with three small slots 
across the front edge was designed. The rubber fin was approximated using a wire and 
tape assembly to block the airflow in a similar manner. Three types of tests were 
performed with two trials per test type. The first test uses the slotted shelf, the second uses 
the rubber fin, and the third uses both designs in conjunction with one another. 
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Flow visualization tests for the new shelf designs were inconclusive concerning airflow 
changes. This is not surprising due to the difficulty in evaluating a standard flow pattern. 
The flow visualization demonstrated a wide variety of patterns, consistently switching 
between two major flow patterns. The new shelf designs seemed to reduce the overall flow 
into the next cabinet down, but the true effectiveness of these changes is unclear from these 
data. 
The slotted shelf used by itself showed no improvement over the placement of a normal 
shelf in a given location. (The reading on plate 20 in run CNEWSLRO is an error, and not 
an effect of the shelf.) The fin used in runs CNEWFNRO and CNEWFNR 1 showed 
definite improvement over placement of the calorimetered shelf alone. The heat transfer 
coefficients on the bottom of the shelf were much more even than in runs with no fin 
present, indicating that the front portion of the bottom of the shelf is being sheltered by the 
fin. Plate 3 also shows that some benefit is provided to the side wall plates, plate 12 does 
not show this characteristic, but the fin placed on the shelf did not fully reach each edge of 
the shelf and a gap was present between the fin and the wall on that side. When the slot 
and fin were combined, and the calorimetered shelf was placed in the middle slot, some 
improvement was seen on the plates in the second compartment. The true benefit is 
difficult to evaluate, but the top of the shelf shows the front and rear plates have similar 
heat transfer coefficients. 
Overall, the effectiveness of a slotted shelf in affecting airflow needs further 
investigation. Adding a rubber fin to the bottom of the shelf shows a definite airflow 
improvement on the bottom side of the shelf. Since this represents such a large surface 
area, this modification to present shelf design should be considered for future inclusion in 
more efficient refrigerators. 
7.5 Partial Door Openings 
This portion of the experiment investigates the effect of partially opening the door. 
Instead of the fully open position generally used throughout the experiment, the door was 
opened to 45, 60, or 90 degrees, depending upon the test run. Glass shelves were placed 
in all three of the shelf locations, and the wall heat transfer coefficients were investigated. 
The door is hinged on the right side of the refrigerator. Interestingly, the reductions seen in 
the wall heat transfer coefficients occur on the left side of the refrigerator. Runs 
C13D45RO and C13D45Rl (door open to 45 degrees) show very high heat transfer 
coefficients on the right wall near the door hinge and relatively small coefficients on the left 
wall. This effect seems to dissipate as the door is opened further. This may be a result of 
higher air velocities caused by the increase force necessary to pull the same volume of air 
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through the smaller cabinet opening. Figure 7.5 shows one possible airflow pattern which 
may explain this phenomenon Nonetheless, the data show that when opening the door it is 
beneficial to open the door to the widest possible position, contrary to common intuition. 
Figure 7.5 - Airflow Pattern During Partial Door Opening 
7.6 Ceiling and Door Heat Transfer Coefficients 
This portion of the experiment investigated heat transfer coefficients on the ceiling and 
door of the refrigerator. To perform the ceiling test, the calorimetered shelf was placed on 
top of the supporting walls in the cabinet. The gap between the front of the shelf and the 
refrigerator ceiling was covered by a sheet of Mylar to prevent air from entering the small 
gap created by the shelf placement. This left the bottom of the shelf as the ceiling of the 
cabinet. The cabinet, in general, shows a typical pattern for no shelf conditions, but the 
focus here lies on the bottom of the shelf. The ceiling heat transfer coefficients are similar 
to those found on the bottom side of a shelf. The front plate shows a heat transfer 
coefficient of 5.4 W/m2, and the rear plate shows 4.7 W/m2. Of note, the heat transfer 
coefficients for the top of the shelf were calculated for the run. The code accounts for 
radiation and conduction, evaluating only convective heat transfer. The heat transfer 
coefficients (0.023 and 0.055 W/m2) shown by the top of the shelf demonstrate the 
effectiveness of the code in accounting for all forms of heat transfer. Assuming there was 
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absolutely no air movement in the closed compartment, the heat transfer coefficients would 
have been zero. 
For testing heat transfer coefficients on the refrigerator door surface, the calorimetered 
shelf was hung on the interior face of the door with the top of the shelf open to the air. 
Run DOORRO shows that the average heat transfer coefficients for the door are 
approximately 5.6 W/m2, similar to heat transfer coefficients found on the front edge of the 
ceiling. 
7.7 Note on the Effect of Reducing Heat Gained During Door Openings 
The objective of this experiment is to evaluate how the heat gained during a refrigerator 
door opening can be reduced. This is an important part of reducing the overall energy 
consumed annually by the residential refrigerator. The ideal situation is that no air would 
be exchanged during a door opening, making conduction the major form of heat transfer. 
However, a trade-off occurs between reducing air exchange during door openings and 
improving convection during closed door periods. One possible solution may be to allow 
the shelves to reach the walls of the refrigerator, and improve closed door convection by 
using a multi-tiered air vent. The vent would then blow cool air directly into each 
compartment without sacrificing open door efficiency. 
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8. DISCUSSION 
8.1 General Effects and Trends 
The flow patterns occurring within a refrigerator during a door opening are complex. 
Despite the inherent variability among individual door openings, definite flow pattern 
trends can be seen in the results of this study. Combining the results from the three types 
of experiments, a good understanding is obtained for convective heat transfer taking place 
during refrigerator door openings. 
As the door is opened, the air within the cabinet is pulled out, and replaced by warm 
ambient air. This event transpires over the first 8 seconds of each door opening. From this 
point, a definitive flow begins to form and takes one of several different patterns, which 
periodically switches to other patterns throughout the door opening period. The convective 
heat transfer coefficients show that the uppermost compartment receives the highest heat 
transfer, to the benefit of the lower compartments when multiple shelves are present. This 
leads to the conclusion that one method available for reducing the overall heat transfer 
during a door opening is to place the top shelf closer to the ceiling of the refrigerator. 
Larger items such as pop bottles could be placed on the second shelf which sees much less 
ambient air. Other investigations in this experiment show that neither objects on the 
shelves nor fan operation during door openings has much beneficial effect on heat transfer, 
and may increase total heat loss due to increased surface area and electricity usage 
respectively. 
Present industry shelf designs were found to significantly increase overall heat gain due 
to large gaps on the sides and rear of the refrigerator shelves. A better approach may be to 
reduce the edge gaps and use split-level shelves or shelves with strategically placed holes to 
allow for better convection during closed door cooling without penalizing the refrigerator 
during door openings. The new shelf designs showed some promise, although the slotted 
shelf design was inconclusive as to its overall effectiveness. However, placing a fin on the 
bottom of the shelf did significantly reduce the heat gain to the bottom of the shelf. A soft 
rubber fin could easily be designed to affect airflow yet be thin and flexible enough to be 
pushed out of the way when retrieving or placing objects on the shelf below. One of the 
most interesting effects was that of partial door openings. It was found that as the door 
opening angle becomes smaller, an increase in the heat transfer coefficients is seen on the 
hinged sided of the door, resulting in the conclusion that when the door is opened, that it 
should be opened as far as possible. 
Bulk air transfer experiments provided important information about the way in which 
the cabinet air is cooled after a door opening (with no fan turned on). An average cooling 
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time constant of 50 seconds was determined, but no variables associated with this time 
constant were evaluated. The ambient air tests conclusively showed the flow pattern 
switching that occurs during a door opening, demonstrating that the air temperature in the 
compartment is affected by changes in airflow. 
8.2 Heat Loss During Door Openings 
During a door opening, the total heat loss can be broken down into five distinct parts; 
heat loss via convective heat transfer, mass transfer, air replacement, conduction, and 
radiation. Each of these portions of the overall heat gain are covered in the following 
paragraphs. 
8.2.1 Convective Heat Transfer 
Convective heat transfer is based upon the Nusselt number calculated using an area 
weighted average for all plates in the refrigerator. The total heat transfer can be evaluated 
using the characteristic length and surface area for a given problem. Figure 8.1b shows a 
table of Nusselt numbers based upon the information found in figure 5.14. The table also 
provides average wattages for convective heat transfer for door openings using an average 
operating condition (38 OF). Figure 8.1a provides all associated information required to 
perform these calculations. 
Item Size 
All properties at 38°F (276.5 OK) 
Cabinet Height (inside) 28.5 in (.7239 m) 
Cabinet Width 27.5 in (.6985 m) 
Cabinet Depth 19.5 in (.4953 m) 
Area of shelf (one side only) 536.25 in2 (.346 m2) 
Area of Rear Wall 783.75 in2 (.506 m2) 
Area of Side Wall 555.75 in2 (.359 m2) 
Area of Floor 536.25 in2 (.346 m2) 
Volume of refrigerator 15,283.15 in3 (.250 m3) 
Lehar (front of fridge opening) 27.5 in (.6985 m) 
Kair 0.01454 BTU/h-ft_oF (0.02516 W/m-OK) 
pair 0.0768 Ib/ft3 (1.23 kg/m3) 
Cp,air 0.2352 BTU/lb-oF (1.006 kJ/kg-OK) 
~T 65.3 OF (18.5 DC) 
Figure 8.1a - Table of Values and Properties for 
Convective Heat Transfer Calculations 
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Configuration Nusselt number Convective Heat 
Transfer (W) 
No Shelf 89.5 114.21 
One Shelf 
bottom 70.0 121.61 
middle 76.7 133.25 
top 85.0 147.66 
Two Shelves 
bottom and middle 67.0 147.29 
bottom and top 72.5 159.38 
middle and top_ 71.0 156.08 
Three Shelves 56.4 150.00 
Infinite Shelves 84.4 28.44 
Present Shelf Design 74.6 198.42 
with gaps on sides (3 
shelves) 
Figure 8.tb - Table of Nusselt Numbers and Convective Heat Transfer 
A plot of the heat transfer values in figure 8.1 b shows a leveling of the overall heat gain 
as the number of shelves increases. This shows that the decrease in surface heat transfer 
coefficients compensates for the additional area present when shelves are added. Figure 
8.2 shows these values. The curve fit provided is a second order polynomial, and is 
intended to show the progression of heat transfer values as the number of shelves 
increases. 
8.2.2 Mass Transfer 
In accordance with the calculations shown in chapter 5, the mass transfer is calculated 
based upon the analogy between convective heat transfer and mass transfer. The reader is 
referred to section 5.1 for a complete discussion of the analogy. The transition point where 
mass transfer begins to dominate the overall heat gain during a door opening can be 
obtained via calculation. The step by step procedure is performed in Appendix D. The 
transition value based upon an average fresh food compartment temperature of 38 OF (276.5 
OK) is found to be 73.6 percent. This correlates very well with the experimental values 
obtained as shown in figure D2. Using the analogy between heat and mass transfer, we 
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can calculate the heat gain due to mass transfer. Grimes et al (1977) used an average 
relative humidity of 60% to simulate summer conditions and 40% for winter conditions. A 
year-round average of 50% relative humidity is used for this calculation with an ambient 
temperature of 71.33 OF (295 OK). Since the analogy in Appendix D (hmass=9.565 x 10-
4·hconv) involves hconv to calculate mass transfer, the Nusselt number is required for this 
calculation. 
Heat Transfer Values vs Number of Shelves 
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Figure 8.2 - Plot of Heat Transfer Values vs Number of Shelves 
Configuration Nusselt number Mass Transfer (W) 
No Shelf 89.5 42.25 
One Shelf 
bottom 70.0 44.99 
middle 76.7 49.30 
top 85.0 54.63 
Two Shelves 
bottom and middle 67.0 54.49 
bottom and top 72.5 58.97 
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middle and top 71.0 57.75 
Three Shelves 56.4 55.49 
InfInite Shelves 84.4 10.52 
Present Shelf Design 74.6 73.41 
Figure 8.3 - Table of Nusselt Numbers and Mass Transfer 
8.2.3 Air Replacement 
The bulk air exchange that takes place during a door opening causes both sensible and 
latent heating to be imposed on the cabinet of the refrigerator. While the sensible cooling is 
fairly simple to calculate, the latent cooling in more difficult. The sensible cooling is 
calculated using the volume of air in the refrigerator, multiplied by its density and specifIc 
heat. Equations 8.1 and 8.2 show the sensible cooling for an average air exchange. Note, 
all table values (see fIgure 8.1a) are determined at 38 OF (276.5 OK) for simplicity. 
Qsensible = (Vol)(p)( Cp K~T) 
Qsensible = (0.250)(1.23)(1.006)(18.5) = 5.723 kJ 
[8.1] 
[8.2] 
The latent portion of the heating must be calculated based upon the mass of water 
present in the air when the door is closed, and after the air has been cooled. As previously 
assumed, a relative humidity of 50% at 71.33 OF (295 OK) is used for the room ambient air. 
For the air inside the refrigerator, a relative humidity of 50% will again be assumed, but at 
a temperature of 38 OF (276.5 OK). From psychometric tables in Moran & Shapiro (1988), 
the humidity ratio for the ambient air is 0.0082 kg H20/kg of dry air, similarly the humidity 
ratio for the cooled cabinet air is 0.0022 kg H20/kg of dry air. Using these values, 
equations 8.3 and 8.4 show how to calculate the latent heat provided by the exchanged air. 
Qlatent = (Vol)(p )(hum ratio)( hfg ) [8.3] 
Qzatent =(0.250)(1.23)(0.0082-0.0022)(2.456 x 106 )=4.531 kJ [8.4] 
The values used in figure 8.4 are based upon the air temperature peaks found during the 
bulk air transfer experiments. The. values given above were for a case where the room 
ambient air fIlls the refrigerator cabinet completely. 
8.2.4 Conduction 
Conductive losses are continually occurring during the time the refrigerator is running, 
but also occur during door openings, and account for somewhere around of 5 percent of 
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the total heat gain during a door opening period. Knowing the make-up of the wall, the 
conduction losses during the door opening are calculated for completeness. All values 
given are for the particular refrigerator used in the experiment, but likely represent a 
majority of the refrigerators on the market today. Note, as insulation improves, this 
portion of the heat loss during a door opening is reduced. 
kWall = 0.027 W/m-K 
LWall = 0.045 m 
AT = 18.5 OK (as in previous examples) 
. = kwallAT = (0.027)(18.5) = 111 W 
qconductlon Lwall (0.045) . 
8.2.5 Radiation 
[8.5] 
Radiation losses during the door opening can be represented by a box with one side as 
a blackbody at room temperature, and the other five sides as gray bodies at the refrigerator 
temperature. The code used to reduce the data evaluates radiation heat transfer and 
subtracts it from total heat loss to determine a more accurate hconv. This value was found 
to be similar to that of conduction, slightly less than 5 percent of the total heat gain during a 
door opening. Since this factor represents such a small portion of the overall heat gain, and 
due to the complexity involved in determining an average value, this calculation is forgone. 
8.2.6 Total Heat Loss During a Door Opening 
The total heat transfer during a door opening can now be calculated. A conservative 20 
second door opening is used to determine total heat gain. The average family opens the 
refrigerator door approximately 50 times a day (Meier and Jansky, 1991). Figure 8.4 
shows a table of the individual loads on the refrigerator due to each type of heat gain. 
Configuration Cony Heat Mass Air 
Transfer Transfer Replacement Conduction 
(kJ) (kJ) (kJ) (kJ) 
No Shelf 2.28 0.85 7.35 0.22 
One Shelf 
bottom 2.43 0.90 5.59 0.22 
middle 2.66 0.99 5.59 0.22 
top_ 2.95 1.09 5.59 0.22 
Two Shelves 
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bottom and 2.95 1.09 5.28 0.22 
middle 
bottom and top 3.19 1.18 5.28 0.22 
middle and top 3.12 1.15 5.28 0.22 
Three Shelves 3.00 1.11 5.13 0.22 
InfInite Shelves 0.57 0.21 0.00 0.22 
Present shelf design 3.97 1.47 7.35 0.22 
Figure 8.4 - Table of Heat Gain Methods During Door Openings 
Summing these values, Figure 8.5 shows the total heat gain in kiloJoules and kiloWatt-
hours, for each door opening and on an annual basis. 
Configuration Heat Gain Heat Gain Heat Gain 
per opening per opening annual 
(kJ) (kW-hr) (kW-hr) 
No Shelf 10.70 2.97E-03 54.24 
One Shelf 
bottom 9.14 2.54E-03 46.33 
middle 9.46 2.63E-03 47.95 
top 9.85 2.74E-03 49.93 
Two Shelves 
bottom and 9.54 2.65E-03 48.36 
middle 
bottom and top 9.87 2.74E-03 50.03 
middle and top 9.77 2.71E-03 49.53 
Three Shelves 9.46 2.63E-03 47.95 
InfInite Shelves 1.00 0.27E-03 5.07 
Present Shelf Design 13.01 3.61E-03 65.95 
Figure 8.5 - Table of Total Heat Gain During Door Openings 
From figure 8.5, an average of 5 to 8 percent of a refrigerators annual energy usage is 
derived from door openings under average conditions. Note, the present shelf design with 
large air gaps on the sides and rear of the shelves shows a signifIcantly higher heat gain 
than the three shelf configuration tested with the shelves placed up against the wall. It is 
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important to note that as the overall energy usage by a refrigerator is reduced, the door 
opening portion of the equation becomes increasingly important. As the goal of 500 kW-hr 
is approached for annual energy usage, the door opening portion nears 20 percent, and can 
no longer be ignored as an important part of the total energy equation. Below a simple 
breakdown of the types of heat gain are provided. 
Bulk Air Heat (sensible and latent) Added During Door Opening 
Surface Convective Heat Transfer During Door Opening 
Mass Transfer During Door Opening 
Conduction 
Radiation 
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54.1% 
31.5% 
11.6% 
2.2% 
0.6% 
9. OVERVIEW 
This chapter provides highlights of the completed research in a bulleted format. 
9.1 Experimental Findings 
• After the door is opened, the flow is stagnant during the first 2 seconds, and begins to 
form a definitive flow pattern around 7 to 8 seconds. 
• Flow in the no shelf case, and in the uppermost compartment of all shelf cases, enters at 
the upper-front of the cabinet, washes down the walls, and exits across the floor of the 
compartment. 
• Flow switching occurs in all experimental runs with at least one shelf. 
• Flow drops off the top shelf and bypasses all middle compartments 30 to 50 percent of 
the time. 
• The heat transfer coefficients in any compartment are dependent upon the amount of time 
the flow spends in that compartment. 
• The highest heat transfer coefficients are at the upper-front plates in the refrigerator where 
the warm ambient air is pulled into the cabinet. 
• As the number of shelves increases, the average heat transfer coefficient decreases. The 
surface area of the problem also increases, but the decrease in heat transfer coefficients 
compensates for this area increase, resulting in a lower overall heat gain during a door 
opening. 
• The air entering the uppermost compartment always reaches the rear, regardless of the 
height of the compartment. 
• The Nusselt versus Rayleigh number plots show that as the number of shelves increases, 
the Nusselt number decreases and the Rayleigh number increases. 
• Bulk air transfer experiments indicate that more warm air enters at the center of the shelf 
than the edge of the shelf. 
• During door openings, the air temperature in the cabinet shows an exponentially decaying 
growth, settling at a temperature slightly less than room ambient air temperature. 
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• After the door is closed, the air temperature in the cabinet shows a nearly perfect 
exponential decay with all thermocouple readings quickly pulling into a tight band after 
the door is closed. 
• The time constant associated with the air cooling after the door is closed was found to be 
approximately 50 seconds. 
• The bulk air transfer data definitively supported the existence of flow switching in all 
multiple shelf configurations. 
• The presence of (seven large) objects on shelves had little or no effect on the heat transfer 
coefficients in the refrigerator cabinet in this study. 
• Fan operation during door opening showed no significant reduction in the heat transfer 
coefficients in the refrigerator. 
• Large gaps on current shelf designs significantly increase the heat transfer coefficients on 
walls during door openings. 
• New shelf designs showed that placing slots in the front of the shelf was inconclusive. 
• Placing a fin on the bottom-front of the shelf created a significant decrease in heat transfer 
on the bottom side of the shelf on which it was located. 
• Partial door openings surprisingly indicated that as the door opening angle decreases, the 
heat transfer coefficients on the hinged side of the door increase. From this, it can be 
inferred that when the door is opened, it is best to completely open the door. 
• The ceiling heat transfer coefficients were found to range from 4.7 to 5.4 W/m2• 
• The door heat transfer coefficients are approximately 5.6 W/m2. 
• The average heat transfer coefficients in the refrigerator range from 0.55 to 5.21 W/m2• 
• An average door opening condition with three shelves accounts for 5 to 8 percent of the 
refrigerator's annual energy usage. 
• The following breakdown for energy usage was found for average household conditions: 
Bulk Air Heat (sensible and latent) Added During Door Opening 54.1 % 
Surface Convective Heat Transfer During Door Opening 31.5% 
Mass Transfer During Door Opening 11.6% 
Conduction 2.2% 
Radiation 0.6% 
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9.2 Recommendations 
The following recommendations are based upon the experimental findings in this 
thesis. 
• Place the top shelf in the cabinet as close to the ceiling as reasonable. The airflow in this 
compartment always reaches the rear of the cabinet, and reducing the area of this 
compartment will reduce the overall heat gain in multiple shelf configurations. 
• Place fins on the bottom front of each shelf. A small rubber fin can significantly reduce 
the heat gain on the bottom of the shelf during door openings. 
• Eliminate the air gaps on the sides and rear of the shelves. Use multi-tiered shelving or 
strategically placed holes to improve closed door convection characteristics. 
63 
REFERENCES 
"A $30-Million Super-Efficient Refrigerator." Electrical World, VoL 206, July 1992, p.30. 
Alissi, M.S.; Ramadhyani, S.; Schoenhals, RJ. 1988. "Effects of Ambient Temperature, 
Ambient Humidity, and Door Openings on Energy Consumption of a Household 
Refrigerator-Freezer." ASHRAE Transactions, VoL 94, Part 2, pp. 1713-1735. 
Baker, A. 1993. "Refrigerator Fights CFC's, Energy Waste." Design News, VoL 48, No. 
23, Dec. 6 1993, pp. 66-72. 
Boughton, B.E. 1992. "Investigation of Household Refrigerator Cabinet Loads." M.S. 
Thesis, University of lllinois at Urbana-Champaign. 
Chan Y.L.; and C.L. Tien 1986. "Laminar Natural Convetion in Shallow Open Cavities." 
Journal of Heat Transfer, VoL 108, May 1986, pp. 305-309. 
Clausing, A.M.; J.M. Waldvogel; and L.D. Lister 1987. "Natural Convection from 
Isothermal Cubical Cavities with a Variety of Side-Facing Apertures." ASME Journal 
of Heat Transfer, VoL 22. pp. 813-826 
Grimes, J.W.; Mulroy, W.; and Shomaker, B.L. 1977. "Effect of Usage Conditions on 
Household Refrigerator-Freezer and Freezer Energy Consumption." ASHRAE 
Transactions, VoL 83, Part 1, pp. 818-828. 
Hess c.P.; and RH. Henze 1984. "Experimental Investigation of Natural Convection 
losses from Open Cavities." Journal of Heat Transfer, VoL 106, May 1984, p. 33-338. 
Incropera, F.P.; and D.P. Dewitt 1990. Fundamentals of Heat and Mass Transfer, John 
Wiley & Sons, New York. 
Laleman, M.R 1992. "Sensible and Latent Energy Loading on a Refrigerator During Open 
Door Conditions." M.S. Thisis, University of lllinois at Urbana-Champaign. 
Meier A.K. 1993. "Field Performance of Residential Refrigerators." ASHRAE Jounal, 
VoL 35, Aug. 1993, pp. 36-40. 
Meier, A.; Jansky, R 1991. "Field Performance of Residential Regriferators: A 
Comparison with the Laboratory Test." ASHRAE Transactions, VoL 97, Part 1, pp. 
704-713. 
Meier, A.K.; and K. Heinemeier 1988. "Energy Use of Residential Refrigeratores: A 
Comparison of Laboratoy and Field Use." ASHRAE Transactions, VoL 94, Part 2, pp. 
1737-1743. 
Moran, M. J., and Shapiro, H. N. 1988 .. Fundamentals of Engineering Thermodynamics, 
John Wiley & Sons, New York. 
Scuria-Fontana, C. 1993. "Building an Energy Efficient Refrigerator." Mechanical 
Engineering, June, p. 30. 
64 
Turiel, I.; and Heydari, A. 1988. "Analysis of Design Options to Improve the Efficiency of 
Regrigerator-Freezers and Freezers." ASHRAE Transactions, Vol. 94, Part 2, pp. 
1699-1711. 
65 
AppendixA. 
AppendixB. 
Appendix C. 
AppendixD. 
AppendixE. 
APPENDICES 
Heat Transfer Coefficient Plots ..................................................... 66 
Bulk Air Transfer Plots ............................................................... 133 
Additional Configurations ........................................................... 146 
Numerical Case Calculations ...................................................... 180 
Data Reduction Code .................................................................. 185 
Appendices for this report are contained in ACRC TM-17. Contact Lisa Henrichs at 
(217) 333-3115 to receive this technical memo. 
